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THE  INVESTIGATION  OF  CERTAIN  ERRORS 
IN  THE  DETERMINATION  OF  THE  ABSORPTION  OF  SOLAR  RADIATION 
IN  THE  ATMOSPHERE  WITH  PYRANOMETERS 

V.G.  Kastrov 

As  is  apparent  from  Reference  [1],  the  observations  of  the  ab¬ 
sorption  of  solar  radiation  in  the  lower  troposphere  made  in  19^9-55 
at  a  number  of  locations  in  the  Soviet  Union  led  to  conclusions,  some 
of  which  are  rather  difficult  to  explain.  Consequently  we  are  forced 
to  make  the  assumption  that  the  different  types  of  errors  in  the  de¬ 
ter:  iination  of  absorption  by  the  given  method  are  in  fact  substantially 
greater  than  had  heretofore  been  assumed.  This  paper  supplements  the 
Investigation  of  errors  contained  in  References  [2]  and  [3]  and  gives 
a  more  detailed  analysis  of  those  errors  which  were  not  taken  into 
consideration  earlier  or  were  not  analyzed  in  sufficient  detail. 

1.  The  Effect  of  the  Dependence  of  Sensitivity  of  Pyranometers  on 
the  Incidence  Angle  of  Radiation 

A.  Theory 

The  effect  of  the  dependence  of  the  sensitivity  of  pyranometers 
on  the  incidence  angle  of  radiation  has  already  been  ccr.s '.dared 
in  Reference  [2].  The  calculation  given  in  this  work  for  two  Yani- 
shevskiy  pyranomet  rs  gave  a  negligibly  small  magnitude.  However, 
it  was  assumed  in  this  calculation  that  only  the  ratio  between  direct, 
scattered,  and  reflected  radiation  changes  with  altitude  over  the 
earth's  surface,  while  the  distribution  of  brightness  over  the  sky 
and  lo.,  irmisphere  does  not  noticeably  change.  In  the  calculations 
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to  bo  given  below,  this  assumption  was  discarded.  In  addition,  the 
calculations  were  made  for  a  greater  number  of  instruments  and  under 
various  conditions  of  observation. 

Since  there  is  little  aerosol-particle  absorption  in  all  regions 
of  the  solar  spectrum,  in  calculating  the  indicated  errors  it  was 
assumed  that  pure  absorption  takes  place  only  in  water- vapor  bands. 

The  subscript  1  will  denote  quantities  referring  to  the  lower 
pyranometer,  and  the  subscript  2  will  denote  quantities  referring  to 
the  upper  pyranometer.  Further,  in  accordance  with  the  methods  of 
treating  observations  of  absorption  of  solar  radiation  used  in  GMS 
observatories,  we  will  assume  that  they  directly  use  the  conversion 
factors  of  both  pyranometers  obtained  in  calibrating  by  the  sun- 
shadow  method  at  a  certain  incidence  angle  aQ  of  solar  beams,  without 
introducing  any  corrections  for  the  dependence  of  the  sensitivity  on 
the  incidence  angle.  In  the  majority  of  cases  the  pyranometers  were 
calibrated  at  normal  beam  incidence  (cxq  --  0).  Let  '^(a),  ^2(a)  be  the 
ratios  of  the  sensitivity  of  the  lower  and  upper  pyranometers  at  in¬ 
cidence  angle  a  to  their  sensitivity  at  Incidence  angle  a^.  Then  the 
density  of  the  ascending  and  descending  radiation  flows,  obtained  in 
processing,  can  be  expressed  by  the  following  formulas: 

CO 

—  f  J  i\  cosW^,(G)rfi<>rfX,  .  . 

X »  w  *  if) 

CO 

-  -  j  lsicosH0  j  V'03e*,(« -0)d  ]dK 

10  4*  (1’) 

Here  G  denotes  the  angle  between  the  direction  of  the  rays  and 
the  axis  Z  directed  upward,  so  that  for  the  rays  proceeding  from  the 
lower  hemisphere,  eos8  >  0,  while  for  rays  proceeding  from  the  upper 
In  mi spue re,  cosB  <  0.  Let  s^  and  denote  the  spectral  densities  of 
direct  .seine  r>d1  itlon  and  the  intensities  of  the  diffuse  light  pro- 
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ceeding  from  the  lower  and  upper  hemispheres.  The  integration  over  the 
solid  angle  In  the  right  side  of  Eqs.  (1)  and  (l»)  extends  not 
over  the  hemisphere  to  which  the  pyranometer  is  directed,  but  rather 
over  the  entire  sphere,  since  all  the  pyranometers  possess  a  certain 
sensitivity  for  incidence  angles  >90°*  because  of  the  reflection  of 
radiation  from  the  inner  surface  of  the  glass  bell.  Practically 
speaking,  it  is  necessary  to  integrate  up  to  a  =  115°.  For  higher 
values  of  a,  we  can  assume  that  ^(a)  =  i^2(a)  =  0. 

From  Eqs.  (l)  and  ( 1 ’ ) ,  we  obtain  the  following  expression  as 
the  result  of  the  calculation  of  the  absorption  intensity: 


«'=£^=-,rpc-»»0*.(-v+ 

+  J  *COS0|^(n_  ©)  +  *,(»)]  <*-}</*.  , 


4.  -  •  (2) 

The  true  absorption- intensity  magnitude,  evidently,  is  the  following: 


q  ~  ^  I — Lcosth-d-  f  ^i.cos9  d»}dK 

‘  (2  ’ ) 

From  (2)  and  (2')  it  is  not  difficult  to  obtain  the  following  ex¬ 
pression  for  the  unkm  ..n  error, 

**  dl 

=  =  j  j  -ai cos 0/(9) d~d\, 

x-04«:  (3) 

where 


/(9)  =  -  00)  -  i,  (r  -  9)  -  fc  (0). 

The  first  term  on  the  right  side  of  Eq.  (3), 

V?  “?!?.(*- 0®>-  U 

produces  an  error  in  the  determination  of  q  because  of  inaccuracy 
in  the  conversion  factor  of  the  upper  pyranometer  for  direct  radia¬ 
tion.  It  is  easy  to  see  that  this  error  never  becomes  substantial. 
Actually,  the  absorption  measurements  are  always  taken  at  high  solar 
altitudes,  for  whl--h  the  relative  sensitivity  of  the  Yanishevskiy 


(3-) 

(4) 
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pyranorrieters  deviates  from  1  only  by  a  small  per  cent.  Consequently, 

6|q  should  be  many  times  less  than  the  accidental  errors  which  un¬ 
doubtedly  arc  tens  ox'  per  cent  of  q.  In  addition,  6-jq  is  completely  . 
eliminated  if  the  upper  pyranometer  is  calibrated  in  a  horizontal 
position  approximately  at  the  same  solar  altitude  at  which  the  observa¬ 
tions  were  made,  or  if,  in  processing,  we  introduce  into  the  pyrano¬ 
meter  readings  corrections  corresponding  to  the  solar  altitude. 

To  make  it  easier  to  determine  the  second  term  on  the  right  side 
of  Eq.  (3),  we  will  assume  that  the  solar  spectrum  can  be  divided  into 
two  regions  (not  necessarily  oontigucus) ,  that  is  to  say,  a  short-wave 
region  (I)  in  which  the  radiation  is  attenuated  only  because  of  the 
scattering  and  a  long-wave  region  (II)  of  water-vapor  absorption  bands 
whose  scattering  can  be  neglected.  It  is  easy  to  see  that  the  second 
term  in  Eq.  (3)  for  the  long- wave  region 

II  4« 

is  negligibly  small.  Actually,  in  accordance  with  our  assumptions,  the 
brightness  of  the  sky  in  this  region  and  the  air  haze  are  equal  to 
zero  at  all  altitudes  and,  consequently,  when  we  integrate  oyer  u>  in 
(5)»  we  can  Unit  ourselves  to  the  lower  hemisphere.  However, 

ti>.  (-  -cosHrf*  integrating  with  respect  to  u)  over  the  lower  hemisphere, 
is  obviously  the  absorption  intensity  of  the  radix- •“  Ion  reflected  from 
the  earth  in  the  water- vapor  bands  -  a  very  email  quantity  approximately 
one  order  less  than  the  intensity  of  the  absorption  by  water  vapor  of 
direct  solar  radiation.  Since  the  coefficient  in  Eq.  (5)  f (©)  is  also 
small  for  almost  all  directions,  there  can  be  no  doubt  that  we  can  com¬ 
pletely  neglect  6£q.  VJe  also  checked  this  conclusion  by  very  detailed 
calculation. 

For  the  short-wave  region  of  the  spectrum,  the  second  term  on 
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the  right  side  of  Eq .  (3)  Is  transformed  by  replacing  di^/dz  with 
di,/dT-,  dr./dz,  where  is  the  optical  density  of  that  region  of  the 
atmosphere  which  lies  beneath  the  level  being  considered  and  by  intro¬ 
ducing  into  the  numerator  and  denominator  the  normal  Illumination  of 
direct  solar  radiation  s^.  Here  we  obtain  the  following: 

If  we  limit  ourselves  to  the  first  approximation  at  which  we  do  not 
consider  multiple  scattering  and  attenuation  of  primarily  scattered 
radiation,  l/s^  di^/dx^  a  function  of  X  only  because  the  rela¬ 

tive  scattering  indicatrix  is  a  function  of  X.  Since  l/s^  di^/dx^ 

Eq.  (6)  is  under  the  integral  sign  over  the  solid  angle,  as  a  result 
of  this,  the  dependence  on  X  is  leveled  to  an  even  greater  extent. 
Consequently,  it  is  permissible  to  substitute  l/s^  dl^/dx^  in  (6)  by  its 
average  value  over  X:  l/s  di/dx.  It  is  further  apparent  that 


_  c  •--(»*  — *i«o—  =  J- A 

where  is  the  optical  mass  In  the  sun's  direction,  while  the  as¬ 
terisk  will  here  and  everywhere  denote  that  the  magnitude  under  con¬ 
sideration  refers  to  the  upper  1  oundary  of  the  atmosphere^.  Consequent¬ 
ly,  the  expression  for  6^q  can  be  given  the  following  form: 

7. 


mQJ> 


(7) 


where 


5,= 


jskdi.. 


/  =  ' 7  jy  cos  #/(»)*.. 
«V 


(8) 


(9) 


The  coefficient  f  can  be  considered  as  some  weighted-average  value  of 
the  function  f(0) .  Actually,  it  follows  in  the  first  approximation  from 
the  so-called  radiation- transfer  equation 

-  5  - 
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where  y  is  the  coefficient  of  the  directed  light  scattering,  normalized 
according  to  the  law  li*****”’  .  Consequently,  the  expression  1/s 
di/dx  cos  0  can  be  considered  as  a  weight  with  which  we  average  the 
function  f (0) .  It  is  interesting  to  note  a  certain  analogy  between 
Eqs .  (4)  and  (7).  The  right  sides  of  both -equations  are  the  products 
of  the  coefficient  determining  the  deviation  of  the  pyranometer  sensi¬ 
tivity  from  the  isotropism  by  the  attenuation  of  solar  radiation  in 
a  unit  air  column.  However,  in  Eq.  (4),  this  radiation  attenuation  is 
rather  small  because  of  radiation  absorption,  while  in  Eq.  (7)  the 
attenuation  produced  by  scattering  is  generally  substantially  greater. 
In  addition,  the  coefficient  f  whose  magnitude  is  influenced  by  the 
pyranometer  sensitivity  for  all  directions  can  be  substantially  greeter 
than  y 2 —  0)  -  1  in  Eq.  (4),  which  refers  to  directions  rather  far 
from  the  horizon. 

To  make  the  calculation  of  the  coefficient  f  more  convenient,  we 
analyze  it  into  two  components  which  refer,  respectively,  to  the  lower 
and  upper  hemispheres,  i.e.,  let  us  assume  the  following: 

/  =  /.  +  /••  (10) 

The  equations  for  calculating  f^  and  f2  by  numerical  integration, 

according  to  Eq.  (9),  can  be  given  the  following  form: 

l  _  l 

V 

—W 

0 


?,  =*2«  9/(9)  A  (cos  9)  =  2c  £  <t>’(9)/\9)  A(co*9),  (n) 

0  A  ‘  ' 


0  _ 

/,  —  2c  X  7YV  cos  8^(9)  A  (cos  0)  = 


0 

«2c^.i,'(O)/(0)A(cojen 

where  the  bar  over  1  and  f(0)  denote  averaging  with  respect  to  azl- 


(11’) 
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Because  there  are  no  empirical  data  on  the  dependence  of  the 
brightness  of  the  upper  and  lower  hemispheres  on  altitude,  we  are 
obliged  to  use  the  theoretical  values  of  the  derivatives  di/dt  in  cal¬ 
culating  f^  and  fg.  Here,  since  the  greatest  values  of  f(0)  with  re¬ 
spect  to  absolute  magnitude  are  noted  for  all  pyranometers  at  large 
incidence  angles,  i.e.,  for  directions  close  to  the  horizon,  it  is 
necessary  to  take  into  consideration  the  multiple  scattering  of  light 
in  the  atmosphere.  Consequently,  we  calculated  the  functions  $^(8)  and 
$^(0)  according  to  the  theory  of  the  multiple  scattering  of  light  in 
the  atmosphere  developed  by  Ye.S.  Kuznetsov  and  by  using  the  tables 
given  in  reference  [4]. 

According  to  the  theory  of  Kuznetsov: 

* 

/  =  f  m  dt+  —  A  e-'m. 

*  9  U2) 


.1 

I 


(12*) 


where  m  is  the  optical  mass  of  the  atmosphere  in  the  direction  under 
consideration;  A  is  the  albedo  of  -the  underlying  surface*;  cpA(t)  is 
the  function  tabulated  in  reference  [4]  and  is  the  radiation  flow 
scattered  per  unit  solid  angle  by  the  vertical  atmospheric  column 
with  unit  cross  section  and  altitude  corresponding  to  the  optical 
density  At  -  1;  EQ(  is  the  over-all  irradiance  of  the  earth's  surface, 
the  table  of  values  of  which  is  also  given  in  reference  (4). 

Differentiating  Eqs .  (12)  and  (12')  with  respect  to  t  and  bear¬ 
ing  in  mind  the  fact  that  *’mo,  and  also  bearing  in  mind  the 

fact  that  with  a  spherical  indicatrix,  the  intensity  of  scattered 
light  is  not  a  function  of  the  azimuth,  ;e  find  the  following: 


$  (0)  -  *  y  yy  COS  6  : 


I  -  •'if? 

I  ’  Q 


(0  * 


—  -  0  « 


It 


—  ~ji  A*-’"]. 
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(13) 


(9)^7TrCOi0  = 


,<»•  —  ») 'V.f  *•  1 

= - ; - [?A(’)~  m  j»A {/)<•-«»-  *)  "rf/j. 


(13’) 


Equations  (10,  11,  11',  13  and  13')  enable  us  to  calculate  the 
values  of  f  for  a  number  of  characteristic  cases,  although  this  re¬ 
quires  a  substantial  period  of  time. 

B.  The  Selection  of  Parameter  Values  for  Calculations 

If  the  pyranometers  are  calibrated  at  normal  ray  incidences, 

=  l/P1(a)  and  ^(a)  =  l/F^01)'  ^here  F-^a)  and  F2(a)  are  the  correc¬ 
tion  factors  to  the  .conversion  factor,  corresponding  to  the  incidence 
angle  a.  If  the  pyranometer  is  calibrated  in  a  horizontal  position 
with  solar-ray  incidence  angles  of  aQ  and  no  correction  for  the 
dependence  of  sensitivity  on  incidence  angles  is  Introduced  into  the 
conversion  factor. 


'<’• (a)  -  7 nS 


and 


*»(•)  = 


r.„) 


(14) 


The  curves  of  the  functions  F(a)  are  given  in  the  documenta¬ 
tion  of  the  pyranometers  on  the  basis  of  measurements  taken  in  the 
Central  Checking  Bureau  for  Meteorological  Instruments.  These  curves 
vary  widely.  Nevertheless,  we  frequently  encounter  pyranometers  in 
which  the  sensitivity  Increases  when  a  increases  from  0  to  60-70°, 
after  which  it  drops  rather  sharply  to  a  =  95  to  98°.  If  the  observa¬ 
tions  of  absorption  are  made  with  these  pyranometers  at  solar  zenith 
distances  ranging  from  50-70°,  for  practically  all  directions,  in  ac¬ 
cordance  with  Eq.  (3  ’) ,  f(8)  will  be  >0.  Since  in  most  cases  di/dx  cos 
0  >  0  (in  the  lower  hemisphere  di/dx  >  0  and  cos  0  >  0,  while  in  the 
upper  hemisphere  di/dx  <  0  and  cos  0  <  0) ,  according  to  Eqs .  (9)  and 
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(7),  f  and  6^q  will  be  positive,  l.e.,  the  observations  will  produce 
an  overestimation  of  the  absorption. 


As  can  be  seen  from  Pig.  1,  the  indi¬ 
cated  characteristics  of  the  dependence  of 
sensitivity  on  the  incidence  angle  of  radia¬ 
tion  are  very  prominent  for  pyranometer  No. 
Ii47j  investigated  by  Yu.D.  Yanishevskiy  [5] 
and  for  pyranometer  No.  28l4  investigated  by 


Pig.  1.  Dependence  of 
sensitivity  of  Yani¬ 
shevskiy  pyranometers 
No.  1147  and  No.  28l4 
on  the  incidence  angle 
of  radiation. 


Yu.K.  Ross  [6],  The  data  for  these  pyrano¬ 
meters  were  obtained  from  numerous  calibra¬ 
tions  with  respect  to  the  sun.  In  this  case, 
as  is  pointed  out  by  Ross,  the  curve  for 


pyranometer  No.  28l4  given  in  the  certification  indicates  a  much  less 
prominent  dependence  of  sensitivity  on  a.  This  forced  us  to  regard  the 
certification  curves  of  F(a)  with  caution.  In  addition,  these  curves  are 
found  Inadequate,  since  they  break  off  at  a  =  87°,  while  for  our 


Fig.  2.  Yanishevskiy  Fig.  3-  Dependence  of  sensitivity  on 

pyronometer  with  square  incidence  angle  of  radiation  for  py- 

battery:  1-1  and  2-2  nanometer.  1)  No.  2661  with  battery 

are  the  directions  in  4x4  cm;  2)  No.  2741  with  radially 

which  the  measurements  symmetrical  battery, 

were  made. 

calculations  we  loquirod  values  reaching  at  least  a  =  115  •  Conse¬ 
quently,  several  different  Yanishevskiy  pyranometers  were  investigated 
for  dependence  on  incidence  angles  In  the  Laboratory  of  Atmospheric 
Optics  and  Act  in-vm-try  of  the  Ts  AO* .  In  this  connection,  special 
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attention  was  given  to  obtaining  sufficiently  reliable  data  for  a 
close  to  90°  and  greater  than  90°.  One  of  the  important  sources  of 
errors  in  these  angles  is  the  illumination  of  the  pyranometer  by  lamp 
light  which  passes  over  the  pyranometer  bell,  through  the  pyranometer 
and  is  then  reflected  from  the  wall  of  the  room  or  from  the  screen 
placed  behind  the  pyranometer.  Consequently,  in  our  device,  the  lamp 
light  passing  the  pyranometer  is  reflected  by  a  mirror  made  of  black 
glass  to  the  reverse  side  of  the  diaphragm  covered  with  black  velvet. 
The  measurements  were  made  in  diverging  beams.  However,  since  the 
distance  from  the  lamp  to  the  pyranometer  was  greater  than  lm,  the 
angles  at  which  the  beams  fell  on  the  extreme  points  of  the  battery 
differed  by  no  more  than  2°.  For  pyranometers  with  square  batteries, 
the  measurements  were  made  in  the  directions  (azimuths)  Indicated  in 
Fig.  2  and  an  average  was  taken. 


As  is  indicated  in  Figs.  3  and 
4,  for  pyranometers  with  square 
batteries,  the  dependence  of  sensi¬ 
tivity  on  incidence  angle  is  very 
weak.  The  new  pyranometers  produced 
by  the  Tbilisi  Hydrometeorologi¬ 
cal  Instrument  factory  with  3*5  * 
x  3.  5  batteries  were  exceptionally  good;  instruments  equipped  with  them 
had  incidence-angle  dependences  weaker  than  indicated  by  their  cer¬ 
tificates.  The  characteristic  of  radial-symmetrical  pyranometer  No. 

2741  was  substantially  worse  (Fig.  3)  than  pyranometers  with  square 
batteries.  An  even  more  undesirable  characteristic  of  these  pyrano¬ 
meters  is  the  substantial  cmf  which  develops  as  a  result  of  the  illura- 
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Fig.  4.  Sensitivity  as  a 
function  of  incidence  angle 
of  radiation  for  pyranometers 
with  batteries  3x3  cm*  Nos. 
615  and  715- 
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ination  of  the  thermopile  ^>y  rays  reflected  from  the  inner  surface 
of  the  bell  at  incidence  angles  greater  than  90°*  Since  when  a  =  90° 
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Pig.  5*  Dependence  of  -^(a)  cos  a 
on  a  for  pyranometers  Nos.  2741, 

715,  and  2661  when  85  <  a  <  120°. 

cp(a)  =  +  00  for  angles  close  to  90°,  the  pyranometers  can  be  more  con¬ 
veniently  characterized  not  by  the  magnitude  of  relative  sensitivity 
^(a)  =  n(a)/(n(0)  cos  a],  but  rather  by  the  magnitude  of  the  relative 
emf  which  is  a)  cos  a  =  n(a)/n(0)  (n  (a),  i.e.,  the  pyranometer 
reading  at  incidence  angle  a)  .  The  dependence  of  ^ (ot)  cos  a  on  a  is 
presented  in  Fig.  5  for  three  types  of  pyranometers  for  850  <  a  <  120°. 
In  reference  [6],  attention  has  already  been  given  to  the  most  un¬ 
desirable  features  of  radial-symmetrical  pyranometers  with  respect  to 
sensitivity  as  a  function  of  the  incidence  angle. 

Since  the  spectral  compositions  of  the  light  of  an  incandescent 
lamp  and  the  sky  differ  sharply  and  the  lamp's  radiation  is  primarily 
concentrated  in  the  infrared  region,  in  orier  to  supplement  the 
measurements  described,  we  also  determined  the  function  ^(a)  for  one 
pyranometer  with  a  lamp  filtered  1  y  S/1S-5  glass  which  cuts  the  infra¬ 
red  region.  Figure  6  shows  that  within  the  limits  of  experimental 
accuracy,  we  can,  evidently,  assume  that  the  function  f(a)  is  not  a 
function  of  wavelength. 

Table  1  presents  average  values  of  the  function  f(0)  for 
certain  pyranometer  pairs  and  various  intervals  of  the  angle  0.  These 
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Fig.  6.  Pyranometer 
sensitivity  as  a  func¬ 
tion  of  radiation  in¬ 
cidence  angle.  1)  With¬ 
out  filter;  2)  with 
SZS-5  filter. 


values  were  calculated  from  Eq.  (3')  and 
Figs.  1,  3  and  4.  The  columns  designated 
as  "Upper  Pyranometer"  and  "Lower  Pyrano¬ 
meter"  indicate  the  numbers  of  the  pyrano- 
meters  whose  curves  of  relative  sensitivity 
were  used  for  calculation.  For  pyranometer 
No.  1147,  for  which  the  relative  sensitivity 
for  a  >  90°  is  unknown,  it  was  assumed 
that  the  sensitivity  was  the  same  as  in 
the  case  of  pyranometer  No.  2661.  It  was 


assumed  that  the  pyranometers  with  curves  of  type  No.  1147  were  cali¬ 
brated  at  normal  ray  incidence.  For  the  remaining  pyranometers,  it 
was  assumed  that  they  were  calibrated  in  a  horizontal  position  and 
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TABLE  1 

Average  Values  of  Functions  f(0)  In  Various 
Intervals  of  Angles  ©  for  Certain  Pyranometer 
Pairs 


lriiipaHOMVTp 

«*  ! 

2<MHiy 

3cocp»jr 

*© 

0-20 

40-30 

30— 60jG0— 71 

71-82 

R2-8G 

S 

1 

8 

i 

SS-'JO  j 

1147 

1147 

30 

0.13 

0.12 

0.07 

0.01 

-  0.01 

0,12 

n.33 

0.80 

0.65  ! 

1147 

1147 

GO 

0,01 

0.00 

-0,03 

-0.11 

-0.13 

o.on1 

0.41 

0.74 

0.61 

71ft 

27-41 

30 

o.urj 

o.o.-' 

0.01 

0.03 

0.01 

0.12 

0,74 

1.11 

2.50 

715 

2741 

no 

-0.02 

-  0.02 

-0.03 

-0.04 

-0.03 

0,03 

0.67 

1.04 

-2.43 

*7741 

715 

30 

o.o.) 

0.04 

0.00 

-0.02 

—  0.0.3 

—0.05 

O.OG 

0.30 

-0.78 

2741 

7IS 

GO 

0.03 

0.07 

-0.02 

-0.01 

-0.07 

-0.07 

0.04 

0.28 

-°-5? 

2l*l 

30 

0.03 

O.O1’ 

0.01 

0.01 

0.0(1 

0.00 

-0.03 

0,02 

0.20  1 

'AMI 

2GGI 

GO 

0.01 

0.03 

-0,01 

-0.01 

-0.02I 

-0.02| 

-0.01 

o.ool 

0.18 

1  llllp.lNOMCTp 

a 

2(iitijy 

3c»«P*5 

*0 

no-wjia-w 

94-98 

is 

SI 

101- 

-1-20 

120- 

-130 

130- 

-140 

140- 

-1G0 

160- 

-180 

1247  * 

1147 

30 

O.GR 

O.IG 

0.511 

0.15 

-0.01 

0.01 

0.07 

0.12 

0.13 

1147 

1147 

GO 

0.5G 

0.78 

0.47 

0.03 

—0,15 

—6,11 

-  0,05 

0.00 

0.01 

715 

2741 

30 

-0.70 

0.211 

0,05 

-0.0') 

-0,02 

0.01 

0,03 

0,07 

0,08 

715 

2741 

GO 

-0.8G 

0,22 

—0.02 

-0.13 

-O.Olt 

—0.06 

-0.0) 

0.00 

0.01 

2741 

7)3 

:» 

2.32 

0.91 

0.42 

0,04 

0.01 

0,00 

0.01 

0,02 

0.02 

2741 

715 

GO 

2.31 

0,611 

0,40 

0.02 

-0.01 

-0.02 

-0,01 

0.00 

0.03 

jfiOl 

2i*l 

30 

0,21 

-0,01 

-0.03 

—  0,1)1 

0.00 

0,01 

0.01 

0.02 

0.03 

soot 

2C<il 

GO 

O.I'JI 

— O.oCj 

— o.on| 

-0.)  J 

-0.02 

-0,01 

-0.01 

0.00 

0.01 

1)  Pyran’  inetei’;  2)  lower;  3)  upper. 
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90°.  It 


■hould  also  be  noted  that  for  incidence  angles 
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>90°,  small  corrections  were  introduced  for  the  shadowing  of  the 
upper  hemisphere  by  the  aircraft  for  the  lower  pyranometer  and  of 
the  lower  hemisphere  for  the  upper  pyranometer.  Since  these  correc¬ 
tions  had  little  effect  on  the  final  result  of  error  calculations, 
we  will  not  devote  further  time  to  the  method  of  introducing  these 
corrections. 


TABLE  2 

Values  of  Functions  of  4^  and  gl  for  Various  m 


A 

*0 

t* 

t 

♦ 

1 

2 

4 

8 

16 

32 

0.2 

30 

0.0 

0.118 

0,118 

0.118 

0.118 

0.118 

0.118 

0  2 

30 

0.5 

0.0 

l 

0.000 

0.030 

-0.023 

•  0.034 

-0.024 

-0.010 

0.2 

30 

o.s 

0.1 

1 

0,117 

0.107 

O.WH) 

0.054 

0.033 

0.006 

0.2 

.30 

0.3 

0.1 

1 

0.113 

0.0G4 

0.010 

0.013 

-0.016 

0.031 

0.2 

30 

0.3 

0.2 

t 

0.005 

O.OSO 

0.050 

0  010 

0.012 

0.(80 

0.2 

30 

0.5 

0.2 

1 

0. 102 

0.071 

0  031 

0,18)0 

-0.010 

-0.005 

0.2 

cm 

0.5 

0.0 

T 

0. 102 

0.102 

0.102 

0.102 

0. 102 

0.102 

0.2 

Hi 

0.5 

0.0 

1 

0.101 

0.00 

o.uoo 

-  0,020 

-0.01ft 

-0.014 

0.2 

00 

0.5 

0.1 

T 

0.005 

0.078 

0,073 

0.051 

0.02.5 

0.003 

0.2 

cm 

0.5 

0.1 

A 

0.1  lt> 

0.073 

0.02ft 

-  0,003 

—  0. 007 

0.010 

0.8 

30 

0.2 

0.0 

1 

0.037 

0.037 

0  037 

0,037 

0.037 

0.037 

0.8 

30 

0.2 

0.0 

i 

0.17ft 

0.143 

0.005 

0.03!) 

-0.O33 

-0.109 

0.8 

30 

0.2 

0.1 

T 

0.011 

11.020 

0.023 

0.01ft 

0.007 

-0.001 

0.8 

3.1 

0.2 

0.1 

1 

0.106 

0.151 

0.123 

0.033 

0.036 

0.002 

The  selection  of  typical  curves  of  ^(a)  and  ¥2(a)  for  the 
lower  and  upper  pyranometers  was  made  on  the  basis  of  the  following 
considerations:  1)  pyranometer  No.  1147  was  used  because  it  would 


give  the  greatest  error  because  of  the  dependence  of  the  sensitivity 


on  the  incidence  angle,  as  compared  to  other  instruments  known  to  us; 
2)  pyranometers  No.  715  and  No.  2741  were  used  together  because  a 
similar  pair  of  pyranometers  was  used  in  the  summer  of  1957  to  de¬ 
termine  absorption  in  the  Northern  Caucasus;  3)  pyranometer  No.  2661 


was  one  of  a  series  of  pyranometers  used  in  1951-53  in  measurement  of 
absorption  at  Tashkent,  Kiev,  and  Minsk  observatories. 

Most  of  the  calculations  were  made  for  the  "summer"  variant, 
which  i3  characterized  by  high  optical  atmospheric  density  (t*  =  0.5) 
and  low  albedo  of  the  earth's  surface  (A  --  0.2).  The  calculations 
were  made  for  throe  levels,  l.e.,  for  those  corresponding  to  the 


13  - 


values  x  =  0.0  (surface  of  the  earth),  0.1,  and  0.2.  If  we  orient  our¬ 
selves  to  the  results  of  the  measurements  of  the  optical  density  of 
the  atmosphere  In  the  Intermediate  section  of  the  visible  spectrum, 
i.e.,  the  measurements  made  In  the  Laboratory  of  Atmospheric  Optics 
and  Actinometry  in  the  summer  of  1957  in  the  Northern  Caucasus, 
altitudes  of  approximately  1  and  2  km  will  correspond  to  t  =  0.1  and 
0.2. 

Winter  observations  of  solar- radiation  absorption  were  generally 
not  made.  However,  in  connection  with  the  observations  of  Shlyakov 
[11]  during  the  Antarctic  summer,  it  is  particularly  interesting  to 
consider  the  errors  when  the  albedo  magnitude  is  great  and  the  atmos¬ 
pheric  transmission  is  high.  These  errors  are  also  characteristic 
of  our  winter.  For  this  "winter"  variant,  it  was  assumed  that  A  =  0.8, 
x*  =  0.2,  x  =  0.0  and  0.1. 

We  adopted  two  solar  altitudes  for  the  "summer"  variant,  i.e., 

30  and  60°;  for  the  "winter"  variant  we  adopted  one,  i.e.,  30°. 

The  two  functions  $1(0)  and  <J>J(0)  calculated  for  the  indicated 
values  of  A,  x*,  t  and  h^  according  to  the  tables  of  Kuznetsov  and 
Ovchinskly  are  presented  in  Table  2.  Moreover,  the  angles  0  are  not 
given  as  an  argument,  but  rather  the  "atmospheric  masses"  m  corres¬ 
ponding  to  these  angles.  The  negative  values  of  encountered  in 

directions  very  close  to  the  horizon  indicate  that  the  brightness  of 
the  lower  hemisphere  in  these  directions  does  not  increase  but  rather 
diminishes  with  an  increase  in  altitude.  By  the  same  token,  the 
negative  values  of  ^  attest  to  an  increase  in  the  brightness  of 
the  sky  with  an  increase  in  altitude. 

When  we  calculate  the  coefficients  f  from  Eqs.  (10,  11  and 
11')  using  the  data  of  Tables  1  and  2,  we  must  know  the  dependence 
between  the  mass  m  of  the  atmosphere  and  the  angle  0.  If  we  confine 
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ourselves  solely  to  Kuznetsov's  theory  developed  for  a  flat  atmosphere, 
we  must  assume  that  m  =  | sec  0| .  However,  In  so  doing  we  will  un¬ 
doubtedly  introduce  a  rather  substantial  error  for  directions  close 
to  the  horizon.  Consequently,  In  order  to  make  the  transition  from  m 
to  angles  ©  we  use  the  Bemporad  table,  although  its  applicability  In 
the  present  case  has  not  been  strictly  proven.*  The  effective  values 
of  coefficients  of  f  presented  in  Table  3  are  to  a  very  great  extent 
a  function  of  the  conditions  under  which  the  measurements  are  made. 

In  this  case,  for  the  same  pair  of  pyranometers,  f  can  be  positive 
under  certain  conditions  and  negative  under  others.  However,  the 
negative  values  of  f  for  which  the  result  of  the  measurement  of  radia¬ 
tion  absorption  is  an  underestimation,  do  not  reach  values  as  high  as 
the  positive. 

The  greatest  positive  values  of  f  and,  consequently,  the  greatest 
overestimation  in  radiation- absorption  measurement,  as  one  might  ex¬ 
pect,  is  given  by  pyranometers  with  characteristics  similar  to  No. 

1147  and  also  by  a  radial- symmetrical  pyranometer  if  it  is  used  in  the 
upper  position,  when  the  sun  does  not  stand  too  high  above  the  horizon. 

Table  4  gives  an  idea  of  the  magnitude  of  the  coefficient  . 

This  table  is  based  on  the  data  in  the  literature  and  observations  made 

by  the  Central  Astronomical  Observatory  during  the  expeditions  of  1951- 

1952  to  Central  Asia.  The  data  for  the  Antarctic  was  calculated  from 

the  results  of  one  flight  (6  November  1957)  over  the  Shackleton 

glacier,  which  were  presented  to  us  by  V.I.  Chlyakov.  The  magnitudes 

included  in  Table  4  referred  to  the  entire  spectrum,  including  the 

region  of  the  water- vaoor  bands.  To  obtain  —  ,  we  must  Introduce 

*0 

into  this  expression  a  correction  for  water- vapor  absorption.  This 

_ O  _ 1 

correction  should  be  in  the  order  of  00.2  cal  cm  •min  /km.  Therefore, 
when  we  calculated  5^q,  we  adopted  the  following  values: 
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ues  l/mQ  —  ds/dz  calculated  from  various  data;  2)  Central  Asia;  3)  Western 
;  4)  Antarctic;  5)  altitude  in  km;  6)  in  mountains  [7];  7)  in  free  atmos- 


for  the  summer  variant  at  i  =  0,0 


4  rfJ, 
"©  Jt 


0,08 


winter 


—0,1*:  0,2-'  -  ~  =  0,05 
n0at 

t  =  0.0  ~  -  0,02 

/n  A  h< 

<5 


t  =  0,l 


»  i/i 


0,01 


The  values  obtained  were  placed  on  the  right  side  of  Table  4. 
We  will  discuss  them  at  the  end  of  the  article  together  with  errors 
of  other  origin.  Let  us  now  consider  the  problem  of  the  effect  of 
scattering  asymmetry  on  6^q. 


tables  of  Kuznetsov  and  Ov- 
chinskiy:  h~  =  60  ;  A  =  0.2; 
t*  =  0.2.  u 


Pig.  8.  Functions  'J>q *  1)  ac¬ 
cording  to  data  on  the  bright¬ 
ness  of  the  sky  and  2)  accord¬ 
ing  to  theoretical  calcula¬ 
tions:  h„  =  60;  A  =  0.2; 

T*  =  0.2. 


The  tables  of  Kuznetsov  and  Ovohinskiy  with  'which  we  calculated 
the  functions  and  correspond  to  the  case  of  a  spherical  scatter¬ 
ing  indicatrlx,  which  is  not  encountered  in  the  atmosphere.  How  great¬ 
ly  the  calculations  diverge  from  reality  as  a  result  of  this  can  be 
realized,  if  from  function  <!>*  we  go  to  the  following  function  which 
is  close  to  the  above  in  its  physical  significance: 

*7*1 H) (15) 

where  0  indicates  that  the  corresponding  value  refers  to  the  earth' 3 
surface.  Comparing  (15)  and  (13'),  ad  bearing  in  mind  the  fact  that 
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in  (13')  dx  =  — d(x#  -  x)  and  in  both  formulas  cos  0  <  0,  we  can  say 
that  both  <t>^(0)  and  <J>'  ^(0)  characterize  the  relative  changes  in  the 
radiation  flow  proceeding  from  a  certain  zone  of  the  sky  with  the 
change  in  optical  density  of  the  superjacent  atmospheric  layer.  The 
difference  between  these  functions  is  simply  that  for  the  function  <j/(0), 
,we  assume  that  the  optical  density  changes  because  of  a  change  in  alti¬ 
tude  above  the  earth's  surface,  while  for  the  function  4>' ^(0),  we  as¬ 
sume  that  the  change  results  from  a  change  in  atmospheric  turbidity. 

Function  <j^*(0)  is  easy  to  calculate  from  the  tables  of  Kuznetsov 
and  Ovchinskiy,  since  according  to  Eqs .  (12')  and  (15), 

-ini'*)*"1"" V*.  (16) 

On  the  other  hand,  the  empirical  values  of  this  function  can  be  ob¬ 
tained  from  Formula  (15)  using  measurements  made  on  earth  of  the 
brightness  of  the  sky  and  normal  illumination  by  direct'  sunlight.  To 
do  this,  we  use  Reference  (8)  which  gives  the  values  of  the  visual 
brightness  B  at  various  points  of  the  sky  for  the  following  trans¬ 
parency  coefficients:  p  =  0.87  (t*  -  0.l4)  and  p  =  0.80  (x*  =  0.22). 

Vte  assumed  a  value  of  13«5  phots  for  the  solar  constant. 

As  Fig.  7  indicates,  the  function  calculated  from  Eq.  (16) 

has  somewhat  higher  values  Tor  all  directions  than  the  functions  4>Q^. 
According  to  Figs.  8  and  9,  functions  •Sj'q*  obtained  from  empirical 
data  for  very  high  values  of  m  is  even  higher.  This  is  a  result  of  the 
forward  distension  of  the  real  scattering  lndloatrlx,  as  a  result  of 
whirli,  the  attenuation  of  luminous  fluxes  coming  from  the  remote  layers 
of  the  atmosphere  Is  not  as  great  as  is  the  case  in  symmetrical  scat¬ 
tering.  The  augmentation  of  '*>1  for  high  values  of  m,  a3  is  easy  to 
understand,  should  lead  to  an  1  .crease  in  error  for  pyranometer3 


18  - 


with  reduced  sensitivity  at  large  inci¬ 
dence  angles.  We  make  the  quite  plau¬ 
sible  assumption  that  the  changes  in  the 
function  <J> ^  resulting  from  scattering 
asymmetry,  are  of  the  sane  orders  as  the 
corresponding  changes  in  function 
Then,  evidently,  the  component  f^  of  co- 
efficient  f  obtained  earlier,  which  de¬ 
pends  on  the  <1>^,  should  be  corrected  by 
o 

5  1«J> ' : (H)J /(9)  A (cot e). 

-1 

where  is  the  difference  between 

the  values  of  (0)  for  real  and  symmetrical  indicatrices,  which  can 
be  obtained  from  Pigs.  8  and  9-  Thus,  we  obtain 

f°r  A©  =s 30’&  pyranoine-  x.  1147,X»  1 1 47  J/j  =—0.004 

ters 

.  .  .  X»  2741, X»  7l5  */,«- 0,006 

for  A©  =  <>0'&  pyranc-  X»  IH7,Xt  1147  t/,=  0,004 
meters 

.  ..  .  X»  2741. X*  715  S/t -0.002 

For  hg  -  30°,  the  correction  may  even  be  negative,  while  for  h^  = 

=  60°  this  correction,  although  It  Is  positive,  is  nonetheless  so 
small  that  it  cannot  px^oduce  substantial  changes  in  the  magnitude  of 
the  error  6^q. 

2.  The  F.ffcct  of  a  Not  Completely  Horizontal  Pyranometor  Set-Up 

The  effect  of  change  In  pyranomet.or  inclination  as  flight  alti¬ 
tude  increases  was  considered  earlier  [2].  Consequently,  we  will  now 
assume  that  the  pyranometer  inclination  is  not  a  function  of  altitude. 

In  addition,  we  will  assume  that  the  pyranometer  sensitivity  13  not  a 
function  of  beam  direction.  The  error  resulting  from  pyranometer  In¬ 
clination  .h  n  we  measure  radiant- flux  d  ns lly  can  he  broken  down 


Pig.  9-  Function  4>'^:  1) 
according  to  data  on  the 
brightness  of  the  sky;  2) 
according  to  theoretigal 
calculations:  h^  =  30°; 

A  =  0.2;  t*  =  0.2. 
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Into  two  components:  1)  the  error 
resulting  from  the  fact  that  the 
radiation  of  the  sun  or  some  section 
of  the  upper  or  lower  hemisphere 
falls  on  the  receiving  surface  of 
the  pyranometer  not  at  the  angle 
tt  -  0  =  £  (zenith  distance),  but 
rather  at  a  certain  other  angle 
i'  (Fig.  10);  2)  the  error  result¬ 
ing  from  the  fact  that  the  radiation 
of  sector  ABB'C  of  the  sky  near  the  horizon  no  longer  falls  on  the  re¬ 
ceiving  surface;  in  its  place,  the  radiation  of  sector  ADD'C  lying 
beneath  the  horizontal  plane  falls  on  it.  Each  of  these  errors  is  to 
a  great  extent  a  function  of  the  azimuth  (relative  to  the  sun)  to 
which  the  pyranometer  Is  Inclined.  Let  us  first  of  all  determine  the 
average  errors,  assuming  that  the  came  number  of  pyranometer  inclina¬ 
tions  wore  encountered  in  all  azimuths  in  the  various  flights. 

For  direct  solar- radiation  flux  the  error  of  the  first  type  in  an 
individual  case  of  Inclination  at  a  small  angle  e  in  azimuth  a  is  equal 
to  S (cos  5^  -  cos  ?JQ);  moreover,  cos  ££  cos  £Q  cos  e  f  sin  3in  e 
cos  a.  (For  angle  symbols  see  Fig.  10).  The  average  value  of  this 
error  will  be 

15  cosl0Va  Scosi^O  con) 

Thus,  the  average  value  of  the  relative  error  of  the  measured  radiant- 

p 

flux  density  (S  cos  f,^),  l.e.  -e  /?,  Is  a  constant  and  does  not  depend 
on  the  solar  .anlth  distance.  A  similar  statement  13  of  course  valid 
with  respect  to  radiation  falling  on  the  surface  of  the  upper  pyrano- 
m<  ter  from  various  pud  s  of  the  sky  and  also  on  the  surface  of  the 
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Fig.  10.  The  effect  of  pyrano¬ 
meter  inclination. 


lower  pyranometer  from  various  sections  of  the  lower  hemisphere.  Con¬ 
sequently,  if  both  pyranometers  are  Inclined  to  the  horizon  at  identi¬ 
cal  angles,  the  error  of  the  first  type  for  radiation  balance  will  be 
6^(Ei  -  Et)  =  -  (e2/2)(E*  -  E*).  Differentiating  this  equality  with 
respect  to  altitude  and  bearing  in  mind  the  fact  that  (d/dz)(E^  —  E^) 

=t  q,  we  obtain 

V  ♦— -yf*  (17) 

Since  the  average  pyranometer  inclination  in  the  determination  of  ab¬ 
sorption  was  always  very  small  and  did  not  exceed  a  few  degrees, 
this  error  was  negligibly  small.  Even  at  an  inclination  of  6°,  the 
error  was  only  0.5#  q.  Under  the  poorest  of  circumstances,  when  only 
the  upper  pyranometer  was  inclined,  <5"q  =  — (e  /2)(dE*/dz).  Since 
dE^/dz  in  the  lower  section  of  the  troposphere  is  of  the  order  of  0.1 

cal'cm- 2,  min-*  km,  for  e  =  6°  =-  0.1  deg.,  we  obtain  6^q  -  0.0005  cal* 
—2  —1 

•cm  min  .  Of  course  this  can  be  entirely  neglected. 

The  elimination  of  region  ABB'C  from  the  number  of  regions  whose 
radiation  is  detected  by  the  upper  pyranometer  and  the  inclusion  of 
the  region  ADD'C  can  be  looked  upon  as  a  corresponding  reduction  of 
pyranometer  sensitivity  for  Incidence  angles  somewhat  smaller  than 
90°  and  the  development  or  increase  of  sensitivity  for  Incidence 
angles  somewhat  greater  than  90°. 

Let  h  denote  the  absolute  magnitude  of  the  angle  between  the 
direction  of  beams  and  the  horizontal  plane  such  that  h  n/2  —  0 
where  0  <  n/2  and  h  0  -  n/2  whore  0  >  n/2. 

On  the  basis  of  the  above  we  can  state  .'.■at  the  relative  sensi¬ 
tivity  of  the  upper  pyranometer  for  n/2  -  <  0  <  n/2  is  equal  to 

^(h)  (»>a^d^c^/.?n) ,  while  for  n/2  <  0  <  n/2  t  p,,,  It  Is  equal  to 

^£(h)  1  —  (' a  .  Expressing  the  arcs  a^d^c^  and  a^b^c,.  In 

terms  of  angles,  g  and  h,  we  obtain  i-espoetlvoly  for  thes.e  two  cases 
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•^£{h)  -■=  — i/tt  arccos  (tg  h/tg  Eg)  -  -l/n  arccos  h/gg  and  ^(h)  =  1  -  l/if 
arccos  (tg  h/tg  eg)  -  1  —  I/'t  arccos  h/g  .  For  the  lower  pyranometer 
we  can  similarly  obtain  T^(h)  =  1  —  I/71  arccos  h/g^  for  tt/2  —  g^  <  0  < 

<  1 n/2  and  ^|(h)  =  -  l/n  arccos  h/e^  for  7t/2  <  0  <  n/2  +  g^.  Consequent¬ 
ly,  if  the  pyranometers  are  calibrated  in  a  horizontal  position  at 
approximately  the  same  solar  altitude  at  which  the  observations  are 
made,  in  accordance  with  Eq.  (31)* 

/'(A)  =  v  [  arccos  ~  +  arccos  4j  *  (l8) 

Here  we  must  assume  that  for  h  >  e-^  arccos  h/e^  =  0,  and  for  h  >  gg 
arccos  h/gg  =  0.  Bearing  in  mind  the  link  between  angles  0  and  h  and 
substituting  (18)  in  (11)  and  (ll1),  w obtain  in  approximate  terms 


/'  =  2[J  <t>*  (h)  arccos  —  cos  h  dk  f  j  <P*  (/1)  arccos ~  cos  Arf*] 

*1  ■(  • 

-  2  Kcp^  a'ceos  £  dh  +  >t>J  cp  f  arcco* 

Similarly 

-2W«p*.  +  ®2.  eph  )• 

(19) 

/’.  =  2  (♦|l.cp  *1  +  ^Itp  *»)• 

(20) 

From  Eqs . 

(l8),  (19)  and  (10),  we  obtain 

}  =  2|(<t>,’cp  +  &l'P  i 

(21) 

Averaging  of  functions  $  and  ^  when  we  calculate  <t>^  tgr  and 
should  be  carried  out  within  the  limits  of  angles  h  from  0  to  g^, 
while  when  we  calculate  >i>0t  and  the  averaging  should  be 

carried  out  from  0  to  eg.  The  t.rror  In  the  absorption  intensity  result¬ 
ing  from  pyranometer  inclination  can  now  be  calculated  from  Eq.  (7), 
if  we  substitute  f  for  f  in  this  equation. 

The  inclinations  of  the  upper  pyranometer  to  the  horizontal 
plane  during  observations  were  de to. Mined  repeatedly  from  the  divergence 
betw.  n  its  readings  uh<-n  the  couiuos  were  changed.  In  ordinary 
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flights  according  the  plan  of  "Sun  to  the  right"  and  "Sun  to  the  left," 
only  the  Inclination  in  a  plane  perpendicular  to  the  axis  of  the  air¬ 
craft  ( )  ls  determined.  In  the  Moscow  flights  of  1949-50  made  in 
PO-2  aircraft,  the  different  values  of  were  not  greater  than  4°; 
in  the  flights  of  1951-52  in  LI-2  aircraft,  they  were  not  greater 
than  2°.  The  following  table  gives  the  average  values  of  the  angles 
(in  a  plane  perpendicular  to  the  axis  of  the  aircraft)  and  ^  (in  a 
vertical  plane  passing  through  the  axis  of  the  aircraft)  found  from 
five  flights  in  an  LI-2  aircraft  made  In  1952,  according  to  the  plan 
of  "Sun  to  the  right,"  "Sun  behind,"  "Sun  to  the  left,"  and  "Sun 
ahead . " 

altitude,  km  1  2  3  5 

V  0,8  1.2  0,4  0.4 

V  -0.6  0.0  -0.2  0.2 

Unfortunately,  the  setting  of  the  lower  pyranometer  was  always  con¬ 
siderably  less  accurate  than  the  setting  of  the  upper.  Nevertheless, 
its  average  inclination  was  probably  not  greater  than  10°. 

Functions  for  altitudes  above  the  horizon  less  than  10°  (  m  >  6), 
according  to  the  data  of  Table  2,  are  negative  in  the  majority  of  cases 
and  very  small  with  respect  to  absolute  magnitude .  Functions  <J>^  at  the 
very  surface  of  the  earth  were  of  the  eider  of  0.1  (for  the  "Summer" 
variant).  Assuming  that  the  maximum  values  of  angles  and  e2  are 
respectively  4  and  10°  (0.07  and  0.17  rad  ),  we  find  from  Eq.  (21) 
fmaks  "  °*0^8  to  which  corresponds  6"q  =  ( l/m) ( dSj/dz) f '  -=  0.05*0.048  = 

=  0.0024.  As  is  evident  from  a  comparison  with  Table  3»  the  type  of 
error  under  consideration  is  substantially  less  than  6^q  for  certain 
pyranometers .  Similarly,  since  I't  falls  rapidly  with  ascent  eveh 
at  an  altitude  of  1  km  (t  ~0.l),  6^q  should  decrease  by  several  times 
again. 
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3 •  The  Effect  of  Radiation  Reflected  by  the  Aircraft 


In  view  of  the  fact  that  the  py nanometers  possess  a  certain  sensi¬ 
tivity  to  beams  falling  at  an  incidence  angle  greater  than  90°,  the 
radiation  reflected  by  the  surface  of  the  aircraft  should  have  some 
influence  on  the  results  of  the  measurements.  Figure  11  gives  the 
position  of  the  upper  pyranometer  on  the  aircraft  in  two  projections. 
Radiation  reflected  by  the  aircraft  and  striking  a  unit  area  of 
pyranometer  at  Incidence  angles  ranging  from  tt  —  ©  to  n  —  (©  +  6©)  is 
evidently  equal  to  B'  cos  0du>,  where  B'  is  the  brightness  of  the  air¬ 
craft  surface  and  do>  is  the  solid  angle  that  is  subtended  by  the 
area  cdfe  from  the  center  of  the  receiving  surface  of  the  pyranometer. 
Inasmuch  as  d'i)  -  2u  sin  0dQ,  where  u  -  An  Pf  =  arccos  (b/a  ctg  0), 
taking  into  consideration  the  pyranometer  sensitivity  as  a  function 
of  incidence  angle  expressed  by  the  function  (<0) >  we  obtain  the 

error  resulting  from  radiation  reflected  by  the  aircraft 

« 

,  T  _•  i 

5£‘  =  -4fl’J«*l(U)cos'^ine<*e=  -  (0)  A(sin*0). 

If  r  is  the  reflection  coefficient  of  the  aircraft  surface,  then 
B1  -  rE^/n  and,  consequently,  finally 


e  4  <t'c' 


Fig.  11.  Effect  of 
radiation  reflected 
from  aircraft  sur¬ 
face. 


S^f.^Afsin'e).  (22) 

Differentiating  Eq.  (22)  with  respect  to 
and  bearing  in  mind  the  fact  that  (d/dz)6E* 
6"q,  where  q,  as  above,  is  the  radiation- 
absorption  intensity  calculated  for  a  layer 
of  unit  thickness  (1  km),  we  obtain 

»  1  - 

5 ’  *  =  - '  -  jr  2  v  fc <"> 4  #)•  ( 23) 

Table  9  gives  the  calculation  of  £  in 

-  2'*  - 


TABLE  5 


•’  60  71  82  86  88  90 


« 

1.00 

0.00 

0,20 

0.10 

0.03 

£(<*) 

-o.ot 

-0.10 

-0.87 

-1,23 

-2.68 

A  (wo*  0) 

0.144 

0,087 

0.014 

0.004 

0.001 

-0,914 

-0,004 

-0,002 

-0,001 

0.000 

V 

tm-  0.021 

the  right  member  of  this  equality  for  a  radial- symmetrical  pyranometer, 

« 

which,  as  has  already  been  mentioned,  has  unfortunate  consequences 
with  respect  to  the  dependence  of  the  sensitivity  on  the  Incidence 
angle.  Inasmuch  as  r  ~  0.5  and  dEVdz  in  the  lower  layer  of  the  atmos- 

_ O  _ 1 

phere  is  of  the  order  of  0.1  cal* cm  min  /km,  we  obtain  6"’q  ~  0.001 
cal*cm  min  /km,  which  is  at  the  very  least  one  order  smaller  than 
observed  residual  absorption. 

4.  General  Conclusions 

In  accordance  with  the  above,  of  the  errors  6jq,  6£q,  6^q,  de¬ 
termined  by  the  dependence  of  pyranometer  sensitivity  on  the  radiation- 
incidence  angle,  only  6Jq  is  of  practical  significance.  When  pyrano- 
meters  with  a  "bad"  curve  of  dependence  of  sensitivity  on  incidence 
angle  are  used  at  certain  solar  altitudes,  this  value  can  yield  a 
positive  error  as  high  as  6^q  =  0.010  cal* cm  min  /km  in  the  lower 

part  of  the  troposphere.  The  corresponding  error  in  the  absorption 
coefficient  is  about  0.006  km- *.  However,  such  large  values  of  <5^q  are 
observed  only  in  immediate  proximity  to  the  Earth.  In  addition,  the 
lower  layer  for  which  the  absorption  was  determined  in  the  majority 
of  cases  extends  over  an  altitude  ranging  from  0.2  to  1.0  km.  The 
average  value  qf  -t  for  this  layer  is  of  an  order  of  0.1  and  conse¬ 
quently  (in  accordance  with  Table  4)  the  error  6^q  for  the  lower  layer 
should  not  be  greater  than  0.004  cal*cm  min  /km. 

Of  the  errors  determined  f<  r  pyranometers  which  are  not  entirely 


horizontal,  only  6£q  Is  of  practical  significance,  but  even  this 
error,  evidently,  even  when  the  Instruments  have  not  been  set  up  too 
carefully.  Is  not  greater  than  0.002  cal* cm  min  /km. 

Reflection  of  solar  radiation  from  the  surface  of  the  aircraft 
also  produces  a  positive  error  6"'q  which,  however.  Is  of  the  order 
of  only  0.001  cal*cm  min  /km.  All  of  the  Indicated  errors  are 
positive  and,  consequently,  lead  to  an  overestimation  of  the  absorp¬ 
tion.  We  must  still  add  to  this  the  error  6^q  due  to  the  effect  of 
bumpy  air  on  the  readings  of  the  upper  pyranometer;  this  error  Is 
also  generally  >  0.  However,  as  was  Indicated  in  Reference  [2], 

Is  a  value  of  a  lower  order  (6^q  -  0.0004  cal* cm  min  /km).  Thus, 

even  In  the  most  unfavorable  circumstances,  the  overall  error  deter- 

g 

mined  by  all  of  the  indicated  causes  should  come  to  only  0.013  cal*ca 
min”1 /km. 

Of  the  errors  of  other  origin,  the  greatest  may  be  the  inaccuracy 
In  determining  the  temperature  coefficient  of  sensitivity  of 
the  pyranometers .  Measurement  at  the  Central  Astronomical  Observatory 
for  a  number  of  pyranometers  yielded  values  varying  from  -0.04  to 
-0.10#  per  degree  [2],  while  at  the  Bureau  for  Checking  Meteorological 
Instruments,  In  the  majority  of  cases  somewhat  higher  values  were 
obtained  (9).  Although  the  average  of  the  values  obtained  there  (f^  « 

-  -0.11#  per  degree)  Is  very  close  to  the  value  (-0.10#  per  degree) 
used  in  processing  the  observations  at  a  majority  of  points.  It  would 
nevertheless  be  appropriate  to  increase  this  coefficient  by  a  factor 
of  1,5  in  the  case  of  certain  pyranometers.  For  a  vertical  temperature 
gradient  of  approximately  6°  per  kilometer,  this  should  produce  an 
error  In  the  absorption  of  the  kilometer  layer 

0,05. 10"’.  6  •!£*”■£* J:?r0, (XXI  cal-cra-1  min”1 

Closely  related  to  the  problem  of  the  effect  of  change  of 
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pyranometer  temperature  on  the  sensitivity  of  the  pyranometer  Is  the 
problem  of  the  effect  of  these  changes  on  the  magiiltude  of  the  pa¬ 
rasitic  current  found  when  the  pyranometers  are  closed  with  covers. 
Since  in  the  case  of  observations  in  PO-2  alrcx*aft  no  covers  were  used 
and  the  zero  reading  of  the  galvanometer  was  read  for  an  open  circuit, 
the  parasitic  current  was  not  excluded  in  processing  and  produced 
additional  errors  and  The  magnitude  of  these  errors  and  the 

errors  corresponding  to  them  in  the  magnitude  of  intensity  absorbed 
in  the  kilometer  layer  6£q  could  be  evaluated  using  the  observations 
made  at  Odessa,  in  which  the  "zeroes"  were  read  off  both  with  the  py- 
ranometer3  closed  and  with  the  circuit  open.  For  the  lower  layer, 

6£q  was  on  the  average  -0.0014  cal* cm-2  min-1.  Although  for  another 
pair  of  pyranometers,  this  error  may  be  positive,  its  absolute  value 
is  nonetheless  sufficiently  small  [sic]  to  cause  concern.  For  compari¬ 
son  we  cite  the  fact  that  the  intensity  of  the  "residual"  absorption 
(measured  absorption  minus  calculated  water-vapor  absorption)  on  the 
average  for  the  majority  of  points  at  which  the  measurements  were 
made  In  the  lower  kilometer  layer  is  approximately  0.016  cal* cm 
min*Vkm.  Consequently,  the  systematic  measurement  errors  that  we 
have  considered  reach  the  average  value  of  the  "residual"  absorption 
only  for  the  most  unfortunate  combination.  Of  course,  this  least 
favorable  combination  is  highly  Improbable.  Consequently,  it  is  evi¬ 
dent  that  the  "residual"  absorption  is  frequently  present  in  the 
atmosphere  and  has  a  measurable,  although  small,  value.  On  the  other 
hand,  in  analyzing  the  results  of  the  measurements  of  "residual"  ab¬ 
sorption,  we  should  bear  In  mind  the  large  errors  of  these  measure¬ 
ments,  for  more  frequently  than  not  these  errors  produce  an  overesti- 
mation  of  the  absorption. 
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[ Footnotes  ] 


For  a  >  90°,  ^(u)  must  be  assumed  negative,  since  the  ra¬ 
diant  fluxes  falling  on  the  receiving  surface  of  the  pyra- 
nomcter  are  less  than  zero,  while  the  pyranometer  gives 
positive  readings. 

In  Reference  [4],  £  indicates  the  albedo  of  the  subjacent 
surface. 

All  pyranometers  which  were  at  one  time  used  to  measure 
absorption  should  be  carefully  investigated.  This  is,  how¬ 
ever,  not  possible,  since  most  of  them  have  been  damaged 
or  completely  ruined. 

For  the  upper  hemisphere,  proof  of  the  applicability  of  the 
Domporad  function  in  such  a  case  can  be  found  in  Reference 
[8]  on  page  35. 


[List  of  Transliterated  Symbols] 


cp  =  sr  =  sredniy  -  average 

uaxc  ■=  maks  =  maks imal'nyy  =  maximum 


CERTAIN  FEATURES  OF  RADIATION  PROCESSES 
IN  THE  LOWER  TROPOSPHERE  OF  THE  ANTARCTIC 

V.I.  Shlyakhov 

1.  Setting  Up  the  Problem  and  Observational  Method 

Along  with  actlnometrical  observations  made  on  earth,  of  par¬ 
ticular  Interest  should  be  direct  measurement  of  the  elements  of 
radiation  balance  at  various  altitudes,  in  order  to  completely  char¬ 
acterize  the  radiation  features  of  the  troposphere  in  the  Antarctic. 
Consequently,  during  the  second  Continental  Antarctic  expedition  we 
made  actlnometrical  observations  on  several  sounding-aircraft  flights. 
We  measured  only  the  short-wave  radiation  flows,  since  there  is  as 
yet  no  approved  method  for  measuring  the  lorg-wave  radiation  fluxes 
under  flight  conditions. 

To  measure  short-wave  radiation  in  the  atmosphere  on  an  aircraf  , 
we  used  Yanishevskiy  pyranometers  and  a  Yanishevskly  pyrheliometer. 

One  of  the  shortcomings  of  the  previously  used  method  for  meas  u’e- 
ment  of  short-wave  radiation  on  an  aircraft  is  the  unreliability  of 
the  structure  for  holding  the  upper  pyranometer  in  a  hoi  '  Jontal  jv  . 
tion  during  the  flight.  In  the  case  of  the  lower  pyranometer,  devia¬ 
tion  from  the  horizontal  plane  of  several  degrees  can  be  neglected, 
but  for  the  upper  pyranometer  this  deviation  is  much  more  important. 

To  maintain  the  receiving  surface  of  the  pyranometer  in  a  horizontal 
position,  we  used  a  universal  joint  built  into  the  upper  section  of 
the  aircraft  fuselage  (Fig.  1).  The  central  rod  of  the  universal  Joint 
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was  made  with  steel  and  weighs  approximately  6  kg.  The  thin  end  of 
the  rod  comes  out  through  the  universal  Joint.  The  pyranometer  is 
bolted  on  to  this  part  of  the  rod,  while  a  level,  threaded  screw 
and  heavy  nut  are  fastened  to  the  lower  thick  section  of  the 
rod  located  inside  the  fuselage,  in  order  to  keep  the  Joint  in  a 
horizontal  position  during  the  flight  of  the  aircraft. 

The  lower  pyranometer  is  screwed  onto  the  rod  which  is  tightly 
fastened  to  the  lower  section  of  the  fuselage. 

To  measure  the  scattered  radiation,  the  upper  pyranometer  is 
covered  with  a  shield  during  the  flight  of  the  aircraft  along  the 
"Sun- to- the- right"  course.  The  shield, which  measures  13  x  45  cm, ro¬ 
tates  about  the  horizontal  axis  of  the  strut, which  is  fastened  to 
the  fuselage  skin  30  cm  away  from  the  pivot.  The  shield  is  controlled 
by  two  cables  located  inside  the  aircraft  (Pig.  l). 

Direct  solar  radiation  was  measured  with  the  pyrheliometer.  The 
Sun  was  aimed  at  manually  through  an  open  door  of  the  aircraft  during 
the  flight  along  the  "Sun- to- the- right"  course.  The  measurements  were 
made  by  the  total  compensation  method. 


Pig.  1.  Set-up  of  upper  pyranometer 
on  the  fuselage  of  LI-2  aircraft. 
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To  measure  the  emf  of  ;he  upper  and  lower  pyranometers  and  also 
as  a  zero-galvanometer  for  measurement  with  the  pyrhellometer,  we  used 
a  GSA  galvanometer, which  was  mounted  on  a  glmbal  suspension.  This 
ensured  "zero"  stability  when  the  aircraft  tilted. 

The  flights  showed  that  this  method  of  observing  the  balance  com¬ 
ponents  of  short-wave  radiation  and  direct  solar  radiation  is  worth¬ 
while.  Consequently,  when  we  calculated  the  emf  of  the  upper  and  lower 
pyranometers  during  a  very  bumpy  flight,  the  galvanometer  needle  did 
not  oscillate  more  than  one  unit.  Compensation  was  also  reliably  en¬ 
sured  during  measurement  of  direct  solar  radiation  with  the  pyrhello¬ 
meter. 

When  we  processed  the  observations,  we  Introduced  corrections 
Into  the  readings  of  the  upper  and  lower  pyranometers  for  the  de¬ 
pendence  of  their  sensitivity  on  pressure  and  temperature.  The  baro¬ 
metric  coefficient  of  sensitivity  was  determined  In  the  usual  way 
In  a  barometric  chamber.  For  both  pyranometers  used  (No.  2203  and 

No.  2237),  the  barometric  coefficient  Pp  =  -0. 5 #  for  100  mb.  Hie  tem¬ 
perature  coefficient  of  sensitivity  of  the  pyranometer  was  determined 
from  flight  observational  data  by  comparing  the  readings  of  the  sun- 
illuminated  and  shaded  upper  pyranometer  with  the  result  of  absolute 
measurements  made  with  the  pyrhellometer.  Corrections  for  pressure  were 
first  introduced  into  the  pyranometer  readings.  For  both  pyranometers, 
the  temperature  coefficient  was  =  -0.1#  per  degree. 

Organization  of  Observations.  In  the  course  of  1957  during  the  2nd 
Continental  Antarctic  expedition  for  the  investigation  of  the  balance 
components  of  short-wave  radiation  in  the  lower  troposphere  above 
various  Antarctic  regions,  8  flights  were  made  in  an  LI-2  aircraft. 

The  equipment  of  the  aircraft,  In  addition  to  the  above- enumerated 
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Instruments,  consisted  of  two  meteorographs  and  aeronavigation  instru¬ 
ments. 

The  observations  were  conducted  on  "plateaus "along  "Sun-to- 
the-right"  and  "Sun- to- the- left"  courses  at  altitudes  of  approximately 
100,  1500,  and  4500  m  during  ascent  and  descent.  To  obtain  stable  ra¬ 
diation  characteristics  in  the  free  atmosphere,  the  flights  were  made 
in  cloudless  weather  over  the  even  snow-covered  surface  of  the 
Shackleton  ice  shelf  and  the  Western  glacier  in  the  region  of  the 
city  Gauss.  In  addition,  regular  flights  were  used  to  the  Pioneer  and 
"Oasis"  stations.  Glacier  reconnaissance  flights  were  also  used.  Not¬ 
withstanding  our  efforts,  it  turned  out  that  several  flights  were  made  in 
cloudy  weather  or  at  low  solar  altitudes  (less  than  20°).  Consequently, 
we  succeeded  in  using  only  four  flights  for  analysis. 

The  following  measurements  were  made  in  each  "plateau":  1)  alti¬ 
tude  according  to  the  altimeter;  2)  temperature  according  to  the 
thermometer  on  board;  3)  galvanometer  readings  for  the  upper  and 
lower  pyranometers;  4)  galvanometer  readings  for  the  upper  pyranometer 
when  it  was  shaded,  and  5)  measurements  of  direct  solar  radiation 
with  the  pyrhellometer.  Scattered  radiation  was  not  measured  in  all 
the  flights.  During  the  flight,  a  detailed  log  was  kept  on  the  state 
of  the  sky  and  underlying  surface.  The  observations  were  made  by 
senior  scientific  coworker  V.I.  Shlyakhov  and  engineer- aerologist 
A. A.  Krukovskly. 

2.  RESULTS  OP  OBSERVATIONS 

The  results  of  the  measurements  of  the  radiation-balance  ele¬ 
ments  and  certain  other  parameters  are  given  in  the  appendix  for 
each  sounding.  S  (direct  solar  radiation).  S'  =*  Ssln  h,  (density 
of  the  descending  radiation  flux  according  to  the  upper  pyranometer), 
(density  of  the  ascending  radiation  flux  according  to  the  lower 
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the  radiation-balance  components  are  given  In  cal. cm  min  ,  and  the 
albedo  Is  given  In  per  cent.  For  the  ordinate  axis,  the  altitude  Is 
given  In  kilometers.  These  values  are  reduced  to  a  mass  of  1.56.  For 
purposes  of  conraarlson,  we  have  placed  the  results  of  observations 
of  other  Investigators  obtained  In  Intermediate  latitudes  [lb,  c,  d] 
on  this  graph. 

As  can  be  seen  from  Fig.  2  all  of  the  radiation-balance  compo¬ 
nents  have  a  very  smooth  curve  with  altitude.  From  the  earth  to  4  km, 

the  vertical  gradient  of  direct  radiation  remains  almost  constant, 

o  —1 

l.e.,  0.004  cal. cm  min  per  100  m,  while  according  to  Byutner 

(dashed  line),  at  altitudes  up  to  300  m,  the  vertical  gradient  of 

radiation  flow  Is  0.04  cal. cm  min  per  100  m  and  drops  to  a  magnl- 

—2  —1 

tude  of  the  order  of  0.02-0.005  cal. cm  min  per  100  m  at  altitudes 
greater  than  4  km.  This  difference  In  the  gradient  curve  of  direct 
solar- radiation  flow  Is  explained  by  the  great  atmospheric  trans¬ 
parency  above  the  Antarctic. 

A  further  examination  of  Fig.  2  shows  that  the  over-all  radiation 
(E^)  Increases  monotonlcally,  while  the  reflected  radiation  (E^)  and 
scattered  radiation  (D)  decrease  monotonlcally  with  altitude.  As  far 
as  the  albedo  Is  concerned.  In  contrast  to  the  albedo  observed  on 
summer  flights  In  temperate  latitudes.  It  also  decreases  rapidly  with 
altitude.  As  Reference  [3)  Indicates,  this  type  of  dependence  of  al- 
do  on  altitude  should  be  expected  in  all  case3  where  the  albedo  is 
high. 

As  can  be  seen  from  Fig.  2,  the  scattered  radiation  In  the 
Antarctic  Is  greater  at  all  altitudes  than  in  Europe  at  the  same 
solar  altitude.  At  any  rate,  this  divergence  can  partially  be  as¬ 
cribed  to  the  very  great  albedo  of  the  underlying  surface  in  the 
Antarctic. 
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3.  ABSORPTION  OP  SOLAR  RADIATION  IN  THE  ATMOSPHERE 

Radiation  heating  of  the  air  Is  calculated  In  degrees  per  hour 
from  the  formula 


0 


7  V,  it 


(2) 


where  AB  Is  the  Increment  in  the  short-wave  radiation  bands  during 
transition  from  the  level  with  pressure  Pj^  to  the  level  with  pressure 
?2  [Id].  In  accordance  with  the  two  methods  of  calculating  the  short¬ 
wave  radiation  balance.  Table  1  gives  two  values  of  0,  denoted  as 
and  9g. 

Inasmuch  as  similar  measurements  of  absorption  were  made  at 
various  points  of  the  USSR  for  the  lower  3  km  and  gave  about  0.1  de¬ 
gree  per  hour,  the  values  of  0  given  In  Table  1  are  a  surprise  to 
us  since  they  are  seldom  so  high.  Actually,  since  the  presence  of 
smoke  and  dust  In  the  Antarctic  atmosphere  is  excluded,  and  the 
water-vapor  content  Is  very  small  as  compared  with  that  found  during 
the  summer  in  Intermediate  latitudes.  It  v.ould  be  natural  to  assume 
lower  values  of  6.  However,  In  the  cases  under  consideration  there 
were  also  other  factors  which  might  Increase  the  radiation  heating. 

In  the  first  place,  we  must  note  the  very  rapid  drop  in  humidity 
with  altitude,  as  a  result  of  which  solar  radiation  not  yet  depleted 
in  the  water-vapor  band  region  falls  into  the  lower  layers  of  the  at¬ 
mosphere.  In  addition,  the  absorption  of  the  Intensive  flow  of  reflected 
radiation  should  be  of  greater  importance  than  in  the  Intermediate 


latitudes. 


The  heating  due  to  radiation  absorption  by  water  vapor  was  cal¬ 
culated  for  two  roughly  systematic  distributions  of  specific  humidity 
(q)  with  respect  to  altitude,  during  the  spring  and  summer  (see  Table 
2).  Bearing  in  mind  the  unreliability  of  the  data  on  humidity  ob¬ 
tained  by  an  aircraft  meteorograph  under  low-t : uperature  conditions 
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TABLE  1 

Radiation  Heating  of  the  Air  in  the  Antarctic 
During  1957 


Note,  and  z2  are  the  limits  of  the  layer  in  ka 
above  the  earth's  surface. 


l)  Date;  2)  sounding  area;  3)  deg;  4)  min;  5) 
Western  glacier:  6)  Pioneer  station  and  inter¬ 
mediate  polnt;7)  Shackleton  glacier. 


TABLE  2 

Calculation  of  Air  Heating  Resulting  from  Absorp¬ 
tion  of  Solar  Radiation  by  Water  Vapor 


M4®n,oW  I  4Sii/> 


1  Beta*  2.3B 


Note.  P  is  pressure,  mb;  ^  is  the  specific  humid¬ 
ity,  g/kg ;  w  is  the  water-vapor  content  above  the 

“  _ p 

level  considered,  g-cm  ;(aBjj  0)pr  Is  the  direct 

radiation  flow  absorbed  by  water  vapor  in  the 
layer;  (AB^  (j)otr  is  the  reflected  radiation  flow 

absorbed  by  water  vapor  in  the  layer; 

(^®Hg0^pr  +  ^®Hg0^otr  ^  in  cal,cra_2  rain"1); 

8^  q  is  the  radiation  heating  produced  by  water- 

vapor  absorption,  deg.  per  hr. 
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TA3LE  2  (Note  continued) 

The  albedo  In  the  water- vapor  band  region 
la  assumed  to  be  80£. 

1)  Spring  m  -  2.38;  2)  summer  m  =  1.54. 


and  very  low  relative  humidities,  the  humidity  distribution  with  re¬ 
spect  to  altitude  waa  to  a  significant  extent  taken  arbitrarily,  as¬ 
suming  a  very  rapid  drop  in  g  above  1.5  km.  Consequently,  the  cal¬ 
culated  values  of  3  represent  the  maximum  possible  increase  in  tem¬ 
perature  resulting  from  water-vapor  absorption. 

Comparing  the  corresponding  values  of  3  and  3H  Q  In  Tables  1 
and  2,  we  arrive  at  the  following  conclusions.  In  the  spring  (26/x) , 
the  calculated  heating  Is  close  to  that  measured.  If  we  use  the 
second  method  of  processing  the  observations.  V.'e  are,  therefore. 
Justified  in  thinking  that  the  twlce-as-hlgh  values  of  6  obtained  us¬ 
ing  the  first  processing  method  are  the  result  of  some  sort  of  error 
In  the  measurement  made  by  the  upper  pyranometer.  In  the  summer 
(6/XI  and  2/XII),  the  calculated  heating  Is  of  the  same  order  as  that 
observed.  However,  in  both  the  spring  and  summer,  the  calculated 
heating  is  nonetheless  almost  always  somewhat  lower  than  that 
measured.  This  divergence  can  probably  be  explained  by  such  factors 
not  taken  Into  consideration  as  water- vapor  absorption  of  the 
scattered  radiation  of  the  sky  and  the  absorption  by  ozone  and  oxy¬ 
gen.  In  addition,  we  must  bear  in  mind  the  fact  that  the  data  on  the 
content  of  water  vapor  obtained  with  an  aircraft  meteorograph  have 
no  pretense  to  great  accuracy . 


CONCLUSIONS 

1)  Due  to  the  great  purity  and  dryness  of  the  atmosphere  above 
the  Antarctic,  the  flow  densities  of  direct  and  scattered  solar  ra¬ 
diation  change  very  smoothly  with  altitude  and  with  small  vertical 
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gradients . 

2)  The  density  of  the  ascending  flow  (reflected  radiation)  de¬ 
creases  with  altitude,  which  is  explained  by  the  high  albedo  of  the 
underlying  surface. 

3)  Notwithstanding  the  purity  and  dryness  of  the  atmosphere, 
values  of  radiation  heating  of  the  air  In  certain  cases  were  observed 
which  were  of  the  same  order  as  those  found  in  intermediate  latitudes, 
which  is  explained  by  the  peculiarities  of  the  distribution  of  the 
specific  humidity  with  respect  to  altitude  and  the  great  density  of 
the  ascending  radiation  flux.* 

Manu¬ 
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35  np  =  pr  =  pryamoy  =  direct 

35  oTp  =  otr  =  otrazhennyy  =  reflected 
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[Footnote] 
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37  Editor's  note.  As  is  apparent  from  the  sufficiently 

numerous  measurements  made  by  V.F.  Belov  in  1958,  low 
radiation  heating  of  the  air  must  be  considered  typical 
for  the  Antarctic. 
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APPENDIX 

Results  of  Actinometrlcal 
Antarctic  Expedition 
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and  at  an  intermediate  point  (®=  68  10,  \-  9*QO 

B);  h  -  33-2 m  -  l6S2i  6)  3 ' q^oO '  B)  ’  ‘ 
ton  glacier  ( tp  66  <0  ,  X  -  90  00  JpJ 
m  =  1.74;  7)  4.  7 .'XI  1997.  Ibid*  h 
^  1.56;  8)  9.  2/v,l  1997.  Shacklgt 
=  66d10',  X  =  97  00’  B)  h  -  4§.0  , 

6.  2/XII  1997.  Ibid,  h  -  37 -6  ;  m 


b  -  34.9°, 
-  39-7°,  m  = 
n  glacier  (cp  - 

m  -  1.44;  9) 
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ABSORPTION  OP  SOLAR  RADIATION  IN  THE  LOWER  TROPOSPHERE 
■  V.G.  Kastrov 

In  the  case  of  a  homogeneous  underlying  surface  and  cloudless 
weather,  when  the  radiation  field  in  the  atmosphere  is  a  function 
only  of  one  coordinate,  i.e.,  the  altitude  (z)  above  the  earth's  sur¬ 
face,  the  intensity  of  absorption  of  solar  radiation  is  AR/Az,  where 
B  =  E^  —  E^ .  Here  E^  is  the  density  of  the  descending  radiation  flux 
made  up  of  the  direct  solar-radiation  flux  and  the  scattered  radia¬ 
tion  of  the  sky,  and  E^  is  the  density  of  the  ascending  radiation  flux 
composed  of  radiation  reflected  from  the  earth's  surface  and  radia¬ 
tion  scattered  upward  by  the  underlying  layers  of  the  atmosphere.  Both 
fluxes  should  be  taken  for  a  horizontal  surface.  B  Is  generally 
called  the  solar-radiation  balance  at  a  given  level  (z).  E^  and 
were  measured  at  various  levels  in  the  USSR  in  various  years  with 
Yanishevskiy  pyranometers  during  flights  in  free  balloons  [1]  and 
aircraft  [2,  3,  4,  5,  6],  and  also  in  automatic  stratosphere  balloons 
[7l.  This  article  will  discuss  certain  general  results  of  observations 
made  in  aircraft  directly  by  the  Central  Aerological  Observatory  In 
the  vicinity  of  Moscow  and  during  expeditions  to  Central  Asia  and  to 
the  Noi'thern  Caucasus.  Wo  will  also  discuss  the  results  of  observa¬ 
tions  made  (on  the  Initiative  of  the  Central  Aerological  Observatory) 
in  several  observatories  of  the  Main  Hydrometeorological  Office.  The 
observations  were  made  only  on  clear  or  almost  clear  days  at  a  solar 
altitude  not  loss  than  20°.  Table  1  cjIv.jj  '.ho  basic  data  characterlz- 


ing  the  observational  material  obtained. 

JXiring  the  Initial  processing  of  the  data,  which  took  place  at  each 
point,  several  different  temperature  and  barometric  coefficients  of  pyra- 
nometer  sensitivity  were  used  without  Justification,  mis  is  not  funda¬ 
mental.  Consequently,  in  preparing  this  article,  we  introduced  corrections 
such  that  the  results  of  the  processing  correspond  at  all  points  to 
one  and  the  same  temperature  coefficient  (3t  =  -0.1%  per  degree)  and 
one  and  the  same  barometric  coefficient  (ep  =  -0.3#  per  100  mb)  [8J. 

In  addition  to  calculating  AB/Az  for  various  (generally  kilometer  high) 
layers,  we  also  calculated:  a)  the  intensity  at  which  solar  radiation 
Is  absorbed  by  water  vapor  (AB/Az)^  q.  This  is  calculated  by  the  well- 
known  Meller  formula  [sic]  based  on  aerological  data  on  atmospheric 
humidity  at  various  altitudes.  In  addition  to  absorption  of  direct 
solar  radiation,  we  also  took  into  consideration  the  absorption  of 
radiation  reflected  by  the  underlying  surface. 

b)  The  Index  of  residual  (  dust?  )  radiation  absorption.  This  is 
calculated  from  the  approximate  formula 


*  (i) 

where  hg  is  the  solar  altitude. 

The  below-given  values  of  a  will  be  expressed  in  #  per  100  g/cm^ 
of  air  or,  which  is  practically  one  and  the  same  for  the  altitudes 
under  consideration,  for  1  km. 

Since  the  changes  In  solar  radiation  balance  with  altitude  are 
small,  the  values  of  AB/Az  are  burdened  with  large  random  errors. 

This  applies  to  an  even  greater  extent,  of  course,  to  a.  As  a  result 
of  this,  a  is  often  negative,  which  of  course  has  no  meaning. 

Table  1  gives  the  average  values  of  a  together  with  the  rms 
errors  of  a.The  latter  characterize  the  accuracy  of  the  determina¬ 
tion  of . ftCoardliig^to  the  .results  of  observations  aa  well  as  the  ~;Z; 
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Fig.  1.  Recurrence  of  various  values  of  the  index  of 
residual  absorption:  a)  Tashkent,  1952  z  <  3.5 
km;  b)  Tashkent,  1951  z  <  3.5  km;  c)  Minsk,  1955 
z  <  4  km;  d)  Minsk,  1951-53  z  <  1  km;  e)  Minsk, 

1951-1953  1  <  z  <  3.5  km;  f)  Kiev,  1951-53  z  < 

<  3  km.  1)  o.  (#  per  km). 

variability  of  the  residual  absorption. 

As  is  apparent  from  Table  1,  in  the  majority  of  cases,  the 
average  a  i3  close  to  1$  km-1  and  changes  very  little  with  altitude. 
Larger  deviations  from  this  value  are  observed  only  in  the  following 
cases:  in  Minsk  in  1951-53  in  the  lower  kilometric  layer,  where  a  is 
556  km-*  (occasional  values  reached  10-15^  km-*),  and  in  Minsk  and 
Odessa  in  1955  when  the  residual  absorption  was  absent  for  all  prac¬ 
tical  purposes. 

Figures  la,  b,  c,  and  d  present  the  recurrence  of  various  values 
of  a  at  certain  points  at  which  observations  were  conducted  for  a 
long  period  of  time. 

It  should  be  noted  that  the  curves  of  recurrence  for  the  obser¬ 
vations  in  the  vicinity  of  Minsk  are  based  on  a  very  small  number  of 
cases.  They  are  nevertheless  presented  by  us,  since  these  observations 
are  of  particular  interest  in  connection  with  the  enormous  values  of 


a  encountered  here. 
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According  to  Fig.  la  and  b  in  Tashkent  in  1951  a3  well  as  1952, 
the  recurrence  of  various  values  of  a  was  symmetrical  with  respect  to 
the  most  frequently  encountered  value,  which  was  therefore  close  to 
the  mean.  The  recurrence  of  unreal  negative  values  is  quite  frequent. 

The  symmetrical  shape  of  the  curve  of  recurrence  bears  witness  to  the 
fact  that  the  actual  oscillations  of  the  absorption  index  are  small  and 
even  in  absolute  magnitude  do  not  go  beyond  the  limits  of  the  most 
frequently  encountered  value. 

The  curve  for  the  Minsk  observations  made  in  1955  (Fig-  lc)  has 
a  similar  shape,  the  only  difference  being  that  the  average  value  may 
even  be  negative  here.  Assuming  that  for  all  practical  purposes  there 
was  no  residual  absroption  during  the  observational  period  in  1955  in 
Belorussia,  we  may  assume  that  the  rms  error  of  a  single  measurement 
for  these  observations  is  +1#  km-1.  Undoubtedly  the  measurement  errors 
were  no  less  at  other  points  and  during  other  periods. 

The  recurrence  curves  for  observations  made  in  the  vicinity  of 
Minsk  during  1951-53  (Fig.  Id  and  e)  and  In  the  vicinity  of  Kiev 
(Fig.  If)  have  an  ntirely  different  asymmetrical  shape.  In  this 
case,  for  the  lower  kilometrlc  layer  in  the  vicinity  of  Minsk,  in 
addition  to  the  maximum  with  small  values  of  a,  a  second  maximum  ap¬ 
pears  with  a  of  the  order  of  5^  km 

As  regards  the  graphs  presented,  we  note  further  that  the  maxima 
of  recurrence  in  the  region  of  negative  values  of  a  for  certain  curves 
cannot,  of  course,  be  explained  by  random  errors  alone,  but  are  rather 
an  indication  of  certain  systematic  errors  in  the  measurements  of  the 
over-all  absorption  or  In  the  calculations  of  water-vapor  absorption. 

In  the  meteorological  literature  reference  Is  made  to  one  Instance 
in  which  an  attempt  was  made  to  determine  the  absorption  of  solar 
radiation  in  the  atmosphere  by  a  method  similar  to  the  one  described 
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above  1 9 } .  The  author  came  to  the  conclusion  that  the  absorption 
found  by  him,  within  the  limits  of  experimental  accuracy,  agrees  with 
that  calculated  from  the  Meller  [sic]  formula  and  is  produced  by  the 
presence  of  water  vapor.  Even  earlier  Waldram  [10]  attempted  to  de¬ 
termine  the  atmospheric  absorption  of  light  in  the  visible  section  of 
the  spectrum  from  simultaneous  determinations  of  the  atmospheric  trans¬ 
mission  and  scattering  indicatrix.  In  observations  on  an  attached 
balloon  in  the  vicinity  of  a  large  industrial  center,  he  found  strong 
absorption.  However,  Waldram 's  results  cannot  be  considered  complete¬ 
ly  reliable,  since  he  did  not  give  sufficient  consideration  to  the 
aureole  effect  (Mie  effect) .  The  similar  but  more  adequate  observations 
made  by  Popov  [11]  in  the  vicinity  of  Leningrad  gave  very  close  values 

of  attenuation  and  scattering  factors  under  ground  conditions.  This  is 

* 

an  indication  of  the  absence  of  absorption  in  the  visible  part  of  the 
spectrum  during  observations.  As  we  have  seen  above,  the  same  was  also 
observed  in  the  free  atmosphere  in  1955  in  Minsk  and  Odessa.  Conse¬ 
quently,  the  suspicion  may  arise  that  the  positive  values  of  the  co¬ 
efficient  of  residual  absorption  are  in  fact  determined  by  certain 
Instrumental  or  methodological  errors. 

In  favor  of  this  we  may  introduce  the  following  considerations. 

1.  High  residual  absorption  was  observed  primarily  in  the  earlier 
years,  when  the  flights  were  made  in  PO-2  aircraft  which  are  much 
less  stable  in  flight  than  LI-2  aircraft.  The  apparatus  was  in 
general  of  lower  quality  than  that  used  in  later  years.  In  addition, 
it  appears  that  the  proper  care  was  not  always  given  to  setting  up 
and  conducting  the  observations.  In  this  connection,  in  Minsk  in 
1951-53*  when  such  enormous  values  of  a  were  obtained,  the  observa¬ 
tion  materials  were  much  worse  than  at  other  points*  This  is  apparent, 
for  example,  from  the  doubtful .  values  of  the  albedo  of  the  underly-  :■ 


lng  surface,  which  arc  obtained  from  the  observational  data  and 
which  are  primarily  an  indication  of  the  unreliability  of  the  deter¬ 
mination  of  the  conversion  factor  of  the  lower  pyranometer  or  the 
fact  that  the  pyranometer  has  been  improperly  mounted.  In  1955  when 
the  observations  were  made  very  carefully,  as  we  have  already,  seen, 
absolutely  no  residual  absorption  was  found. 

2.  The  variation  in  residual  absorption  on  transition  fro*  one 
period  to  another  and  from  one  point  to  another  in  many  caaea  cannot 
be  explained  by  climatic  and  weather  conditions.  Consequently,  we 
cannot  understand  why  residual  absorption  was  observed  north  of  Odssan 
in  1954  and  not  in  1955*  We  cannot  understand  why  in  the  vicinity  of 
Moscow,  Tashkent,  and  Kiev  residual  absorption  was  present  up  to  high 
altitudes,  while  in  the  Northern  Caucasus  and  in  the  vicinity  of 

a 

Odessa  (in  1954),  residual  absorption  was  found  only  in  the  lowest 
layer  of  the  troposphere. 

Very  high  values  of  a  in  the  lower  kllometric  layer  in  Belorussia 
can  be  explained  by  the  effect  of  the  smoke  of  forest  and  peat  fires 
sometimes  observed  here  in  the  warm  half  year.  However,  this  ex*> 
planatlon  is  not  confirmed  by  the  statistics  on  forest  fires,  which 
Indicate  that  for  the  1955  absorption  observation  period  we  Should 
expect  not  lower  but  rather  greater  values  of  a  than  in  1953. 

All  of  these  considerations  have  forced  us  to  consider  in  greater 
detail  than  earlier  the  various  sources  of  error  in  the  determination 
of  absorption.  The  results  of  the  analysis  are  contained  in  Reference 
[12].  Although  these  results  indicate  that  the  positive  errors  in 
the  determination  of  a  should  be  encountered  more  frequently  than 
negative  errors.  It  was  not  possible  to  entirely  attribute  to  these 
errors  the  values  of  residual  absorption  obtained  in  the  vicinity  of 
Moscow,  Tashkent  and  Kiev.*  What  is.  more,  this  would 


with  respect  to  the  very  high  values  of  a  obtained  In  the  vicinity 
of  Minsk  In  1951-53. 

Another  way  of  checking  the  validity  of  the  values  of  absorption 
obtained  Is  to  Investigate  the  relation  to  other  geophysical  values. 

Evidently,  the  average  coefficients  for  the  entire  sounded  layer 
(a).  If  they  are  valid,  should  be  negatively  correlated  to  the  direct 
solar-radiation  intensity  for  the  average  distance  of  the  Earth  from 
the  Sun  for  a  certain  constant  atmospheric  mass  (Sm).  It  makes  sense 
to  try  to  find  this  relation  by  statistical  processing  of  observa¬ 
tional  data,  of  course,  only  when  a  changes  substantially  from  ob¬ 
servation  to  observation,  and  there  is  a  large  number  of  observations. 
In  the  opposite  case,  the  scattering  of  radiation  and  Its  absorption 
by  water  vapor  will  hide  the  role  of  the  "residual"  absorption.  This 
is  evidently  what  happened  in  the  case  of  the  Kiev  observations,  which 
yielded  the  rms  variance  o(a)  =  0.7#  km-1  and  a  correlation  coefficient 
between  a  and  solar- radiation  intensity  at  m  <*  1.5  of  r  *  -0.14  +  0.26. 
For  the  Minsk  observations  made  in  1951-53  for  which  o(a)  reached  2# 
km"* ,  the  correlation  coefficient  with  radiation  intensity  at  a  >*  2 
reaches  —0.53  +  0.21.  The  rms  error  is  very  great  here  because 
there  are  few  cases  in  which  both  a  and  Sg  are  present  (12  cases). 

We  note  that  a  close  correlation  between  a  and  S  would  not  be  expected 
because  the  random  errors  in  a  are  great  and  the  actinometrical  ob¬ 
servations  and  observations  of  absorption  were  made  at  various  points 
and,  generally  speaking,  at  various  times  of  the  day.  This  latter  In¬ 
stance  should  be  of  great  significance,  if  the  absorbing  material  is 
carried  by  air  currents  in  the  form  of  comparatively  small  cloud¬ 
like  masses. 

Me  used  the  observations  made  during  1951-53  in  Minsk  to  in¬ 
vest  Igate  the  relation  between  the  solar- radiation  absorption  found 


and  the  temperature  changes  of  the  lower  layers.  Initially,  according 
to  the  data  of  pyranometrical  observations  at  altitudes  of  0.2  and 
1.0  km,  In  addition  to  the  absorption  coefficient  a,  we  also  calculat- 
ed  the  radiation  heating  9  expressed  in  degrees  per  hour.  To  do  this, 
we  used  the  formula 

=  (5) 

where  cp  13  the  heat  capacity  of  the  atmosphere  at  constant  pressure} 
jg  is  the  acceleration  of  gravity,  and  &p  is  the  difference  of  the 
pressures  at  altitudes  of  0.2  and  1.0  km.  The  values  of  8  were  then 
compared  with  the  temperature  changes  at  altitudes  of  0.22,  0.5»  1*0, 
2.0,  and  3.0  km  above  sea  level  (0.0,  0.3,  0.8,  1.8,  and  2.8  km  above 
the  Earth '8  surface)  between  morning  and  evening  temperature  sounding 
(6T).  The  latter  soundings  were  carried  out  at  approximately  4  and  16 
hours  local  time.  As  might  have  been  expected,  this  comparison  yielded 
a  large  scattering  of  different  values  of  6T  for  similar  values  of  & 
In  addition  to  the  errors  In  the  determination  of  8,  this  Is,  of 
course,  also  a  result  of  the  great  influence  exerted  by  a  number  of 
other  factors  on  the  atmospheric  temperature  in  addition  to  the  in¬ 
fluence  exerted  by  radiation  heating.  Consequently,  we  used  the  re¬ 
sults  of  all  the  observations  to  clarify  the  statistical  dependence 
(those  observations  completed  as  well  as  those  unfinished  but  carried 
out  to  an  altitude  of  1  km).  Thus,  in  order  to  compare  with  6T,  we 
succeeded  in  obtaining  25  values  of  8  in  the  layer  located  at  0*®» 

1.0  km.  Table  2  gives  the  average  values  of  8  and  6?  with  their  rms 
errors  for  three  (approximately  similar)  groups. 

According  to  this  table  and  Fig.  1,  6T  actually  Increases  con¬ 
tinuously  in  the  layer  located  at  0.2-1  fO  km  with  an  increase  in  the 
radiation  heating  In  this  layer  while  there  Is  no  such  dependence  be- 


TABUS  2 


Average  Values  of  0  In  the  Layer  Located 
at  0.2- 1.0  km  and  Variation  In  Atmospheric 
Temperature  Between  Morning  and  Evening 
Sounding  (6T)  at  Various  Altitudes. 
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tween  0  In  this  layer  and  6T  at  high  altitudes.  Thus,  the  relation 
obtained  between  the  radiation- heating  rate  (0)  and  the  actual  change 
In  the  temperature  of  the  lower  layer  (6T)  of  the  troposphere  con¬ 
firms  the  validity  of  the  values  of  0.  Although  these  values  are  de¬ 
termined  not  only  by  the  "residual"  absorption,  but  also  by  water- 
vapor  absorption,  the  radiation  heating  resulting  from  water  vapor 
in  the  lower  klloaetrlc  layer  la  nevertheless  not  greater  than  0.07° 
per  hour  and  in  the  majority  of  cases  fluctuates  within  the  narrow 
limits  of  0.04-0. 06°  per  hour.  Consequently,  the  dependence  found 
in  Table  2  should  almost  entirely  be  attributed  to  residual  absorp¬ 
tion.  unfortunately.  In  this  case  as  In  the  Investigation  of  the  re¬ 
lation  between  a  and  82*  the  scattering  of  the  separate  values  is 
quite  large.  This  scattering  is  characterized  by  the  rms  errors 
given  in  Table  2.  Por  the  temperature  change  at  an  altitude  of  0.8 
km  above  the  Barth's  surface,  we  also  calculated  the  correlation 
eoeffiolent  between  0  and  6T,  which  was  0.59  +  0.15.  The  correlation 
coefficient  between  the  residual  radiation-heating  rato  Q-B^q  and 
9T  is  almost  exactly  equal  to  the  correlation  coefficient  between  0 
and  «. 

If  when  we  calculate  the  correlation  coefficients  between  0  and 
9t,  we  confine  ourselves  to  only  14  cases,  when  the  alroraft-pyrano- 
meter  observations  were  made  during  descent  as  well  as  ascent,  the 
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Fig.  2.  Temperature 
change  6T  between  morn¬ 
ing  and  evening  sound¬ 
ing  as  a  function  of 
radiation-heating  rate 
e  in  layer  located  at 
0.2- 1.0  km.  Minsk 
1951-53. 


correlation  coefficient  rises  to  0.70 
+0.14.  The  corresponding  recording  equa¬ 
tions  have  the  form 

*  f|.o  ~  3.3  +  «.*  • 
e^G/a+d#*?^ 

There  has  been  some  surprise  about 
the  fact  that  the  "residual"  absorption 
turned  out  to  be  even  more  closely  cor¬ 
related  with  the  temperature  changes 
than  with  the  solar- radiation  intensity. 
This  Is  possibly  related  to  the  inade¬ 
quately  representative  locale  of  the  ae- 
tinometric  observation  station  in  the 
city  Itself. 

The  conclusion  follows  from  what 


has  been  said  above  that  the  indices  of  residual  absorption  obtained 


In  recent  years  at  various  stations,  evidently,  in  general  accurately 

a 

reflect  the  real  radiation  processes  in  the  atmosphere,  although  they 
are  subject  to  great  error.  The  high  values  of  a  obtained  in  1951-53 
in  Belorussla  most  likely  actually  were  related  to  forest  and  peat 
fires.  The  recurrence  curve  of  the  different  values  of  a,  which  hei  two 
maxima*  is  in  good  agreement  with  this  assumption.  When  a  -  5.10”® 
km”1,  the  second  of  these  maxlmums,  evidently,  corresponds  exactly 
to  the  appearance  of  smoky  masses  of  air.  The  low  altitude  at  whieli 
these  values  of  a  were  distributed  indicates  that  the  fires  took 


place  cosy>aratlvely  close  to  the  location  of  the  sounding.  Because  of 
this,  the  turbulent  mixing  cannot  transmit  the  soot  partlelee  to  a 
high  altitude  during  the  short  period  of  time  in  which  the  air  Is 
transmitted  to  the  sounding  region.  The  absence  of  a  clear  relation 


between  the  recurrence  of  heavy  absorption  and  forest  fires  In  BeXo» 
russla  cannot  be  considered  incompatible  with  the  above  assumption. 

This  relation  might  possibly  be  clarified  If  we  took  into  consideration 
the  dates  of  the  various  fires,  their  location  relative  to  the  sounding 
area,  and  the  direction  of  the  air  flows.  In  addition,  we  must  also 
have  data  on  the  peat  fires  often  observed  in  Belorussia,  statistical 
data  about  which  is  lacking  for  the  years  under  consideration. 
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Average  Values  of  a  10  km  for  Winds  at  Various 
Quarters 
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*M  Wet  Ion  of  wind  according  to  weather  vane. 

I)  Point;  2)  direction  of  wind;  3)  Moscow;  k) 

Tashkent;  5)  Minsk}  6)  Kiev;  7)  Odessa;  8; 

Kara-Kumy  and  Kyzyl- Kiunyj  9)  north}  10}  east; 

II)  south}  12}  west. 

Above  Moscow,  Tashkent  and  Kiev  In  19^9- 53,  a  considerable 
amount  of  residual  absorption  was  quite  evenly  distributed  to  an 
altitude  of  b  km.  Consequently,  it  cut  be  assumed  that  we  were  con¬ 
cerned  here  with  sufficiently  remote  sources  of  absorbing  particles. 
Such  sources  may  also  be  active  In  Belorussia,  where  they  add  to  the 
effect  of  the  local  forces.  To  clarify  the  problem  of  the  location  of 
the  sources,  we  present  a  comparison  0f  the  coefficients  of  residual 
pressure  with  wind  direction. 

Table  3  gives  average  values  of  a  with  their  rms  errors  for 
different  directions  of  the  wind  observed  in  the  same  layer  to  which 
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a  refers. 


The  table  Indicates  that  in  Tashkent,  a  somewhat  greater  residual 
absorption  was  observed  for  the  north  and  west  winds  blowing  from  the 
desert.  Evidently,  a  substantial  role  is  played  here  by  the  fine  dust 
raised  by  the  wind  from  the  surface  of  the  desert.  In  addition  to 
nonabsorbing  quartz  particles,  dark  and  colored  particles  are  also  In¬ 
cluded  In  the  composition  of  this  dust.  Above  the  desert,  during  the 
observational  periods  (14/IV-10/V  1951  and  15-29AII  1952),  residual 
absorption  was  at  a  minimum  for  east  winds  (from  the  Tashkent  Oasis). 

The  Increase  In  the  residual  absorption  at  a  number  of  stations 
in  the  European  territory  of  the  USSR  for  west  winds  is  probably  to 
a  certain  extent  related  to  the  contamination  of  the  air  by  soot  and 
ash  particles  as  the  air  passes  over  the  countries  of  Western  Europe. 
We  present  an  elementary  calculation  which  shows  that  the  combustion 
products  given  off  to  the  atmosphere  in  these  countries  may  actually 
produce  increased  absorption  of  solar  radiation  of  an  order  such  as 
was  ebserved  by  us  for  the  westerly  winds. 

As  is  known,  the  solid  "refuse"  from  chimneys  consists  of  carbon- 
soot  particles  and  mineral-ash  particles.  The  former  of  these  have  a 
diameter  of  0.25  to  1.0  p  [11].  Since  the  density  of  carbon  y  -  1.75 
g.cn"^,  the  rate  of  fall  of  these  particles  in  unperturbed  air  accord¬ 
ing  to  the  Stokes  equation  (corrected  by  Millikan)  ranges  from  0*6  to 
9  a  per  day.  Consequently,  for  all  practical  purposes  these  particles 
can  be  assumed  to  be  non- sett ling.  If  we  assume  in  approximate  terms 
that  the  effective  diameter  of  a  soot  particle  is  0.4  P  and  that  the 
effective  solar- radiation  wavelength  is  0.6  P,  according  to  the  cal¬ 
culations  of  Ruedy  [12],  the  quantity  of  scattered  and  absorbed  ra¬ 
diation  will  be  approximately  the  same}  moreover,  for  one  particle 
per  unit  volume,  the  absorption  and  scattering  Indices  will  be  Oj  • 
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■  1.7*10"®  cm"*.  Let  us  assume  that  the  air  travels  the  course  L  with 
the  velocity  v  over  an  Industrial  section  In  which  on  the  average 

0  g/se«  of  soot  Is  given  off  Into  the  air  for  each  unit  area.  If  the 
particles  of  soot  are  not  drawn  off  from  the  atmosphere  and  are  dis¬ 
tributed  to  an  altitude  of  z,  evidently,  the  air  leaving  the  boundary 
of  the  region  under  consideration  will  contain  on  an  average  Ql/vs 
g/en®  of  soot  in  layer  z  or  — §£ — »M  of  particles.  For  purely  ap- 
proximate  calculations  we  assume  that  L  *  1000  km,  v  -  10  m/sec,  s  * 

■  3  km  and  r  «  0.2  u.  Let  us  further  assume  that  in  the  region  under 
consideration,  the  Intensity  of  soot  Inflow  Into  the  atmosphere  Is 
half  that  found  In  Kngland.  since  In  a  year  2.42*10^  tons  rise 

into  the  atmosphere  here  and  the  area  of  England  Is  244*10^  km2,  the 
value  of  Q  adopted  by  us  Is  1.6*10"**  g/cm2  sec.  Substituting  the 
indicated  values  into  the  formula  for  concentration  of  soot  particles, 
ue  obtain  11  *'90  ca"^.  Consequently,  the  radiation  absorption  index 
in  the  calculation  for  a  kilometer  will  be  a  -  Hq^*10®  *  1.5*1 tf“®  km"*. 
Thus,  a  consideration  of  only  one  case  of  absorption  of  spot  particles 
provided  us  with  a  value  of  the  same  order  as  that  observed  at  a 
series  of  stations  In  the  USSR  for  westerly  winds.  Our  estimation  is, 
of  course,  probably  somewhat  exaggerated,  since  it  does  not  take  into 
consideration  the  cleansing  of  particles  from  the  atmosphere  during 
precipitation.  In  addition.  In  a  number  of  cases,  there  may  ba  west 
winds  which  have  not  heretofore  pasted  over  s  region  with  heavily  do* 
veloped  industry.  Pinal ly,  we  have  not  taken  into  consideration  the  :,- 
purifisation  of  air  by  smoke- absorbing  devices  which  have  reoently 
some  Into  aids  use.  On  the  other  hand,  however,  we  have  not  taken 


into  consideration  radiation  absorption  by  ash  particles.  According 
to  Shslcykhovskiy  {11),  even  high-grade  coal  yiwlda  approximately 
$0  ash,  while  the  mas*  of  soot  particles  in  industrial  amoks  is  only 


approximately  1#  of  the  mass  of  burned  out  fuel.  Consequently,  radia¬ 
tion  absorption  by  soot  particles  can  also  probably  play  an  Important 
role,  although  their  ability  to  absorb  is  of  course  substantially  less 
than  that  of  soot  part  lcles .  In  addition,  some  significance  should 
also  be  attached  to  the  absorption  of  solar  radiation  by  carbon  monox¬ 
ide,  evidently,  also  of  industrial  origin,  discovered  In  recent  year*. 

Of  course,  these  calculations  and  discussions  do  not  entirely 
eliminate  the  possibility  of  the  influence  of  the  noninduatrlal 
sources  of  absorbing  particles  located  to  the  west  of  the  USSR.  As  mi 
illustration  of  the  great  distances  over  which  the  Influence  of  these 
sources  can  be  spread,  we  recall  that  the  great  forest  fires  In 
Canada  In  1930  produced  substantial  atmospheric  turbidity  in  Europe. 

Of  particular  Interest  and  not  understood  Is  the  complete  die- 
appearance  of  residual  absorption  In  1933  in  Belorusala  and  In  the 
vicinity  of  Odessa.  Here,  although  In  Beloruseie,  to  a  certain  ex¬ 
tent,  the  variation  In  the  measured  absorption  as  compared  with 
previous  years  could  be  attributed  to  an  Improvement  in  the  observa¬ 
tional  methods  and  the  use  of  better  instruments,  in  Odessa  this 
factor  is  completely  excluded,  since  in  the  period  of  195*- 55»  the 
observations  ware  made  by  the  same  method  and  even  the  very  same 
pyranometers  were  used.  We  should  also  discard  the  assumption  to 
the  effect  that  in  1955  the  observations  were  made  primarily  for 
other  wind  directions.  This  la  evident,  for  example,  from  the  fact 
that  in  the  vicinity  of  Odessa  In  193*,  the  absorption  coefficient 
for  northerly  and  easterly  winds  was  on  the  average  0.2  and  l.*jf  par 
km,  while  in  1955  for  the  same  winds,  it  was  on  the  average  0.6  sad 
0.0 £  par  k»,  Evidently,  further  Investigations  are  nec salary  in  order 
to  fully  understand  the  origin  of  residual  absorption. 

.  Let  us  consider  the  problem  of  the  possible  effect  of  part  idea 


producing  residual  absorption  on  the  long- wave  radiation  balance. 

For  part  ides  whose  dimensions  are  small  as  compared  with  the 
wavelength  the  attenuation  coefficient  la  {16) 


i 


where  w  is  the  volume  of  the  particle  and  a  «  n  -  i«  la  the  complex 

Index  of  refraction.  For  pure  carbon  a  »  2  -  2/3  1.  Therefore*  If 
2 

per  1  ca  there  are  90  carbon  particles*  each  with  a  diameter  of  0.4  n, 
in  wavelengths  of  approximately  10  n*  the  attenuation  coefficient  will 

g  —l 

be  of  the  order  of  0.1*10  las  .  This  value  la  small  in  coaparlson 
with  the  water-vapor  absorption  ccefficlent  even  In  the  most  trans¬ 
parent  region  for  it  at  8-12  p.  The  latter*  according  to  Antoni  {15) 
is  of  the  order  of  0.05  ca  /g.  For  the  lower  kilometer  in  the  summer* 
this  will  correspond  to  approximately  5*10  km  and,  consequently, 

,e  , 

is  50  tlaes  greater  than  the  absorption  coefficient  produced  by  saoke 
particles.  These  factors*  evidently*  explain  the  fact  that  the  measure¬ 
ments  of  the  long-wave  radiation  balance  at  various  altitudes  in  the 
free  atmosphere  do  not  deviate  from  the  theoretical  calculations) 
this  can  be  attributed  to  the  effect  of  solid  aerosols  (17). 

In  concluding  this  article*  we  should  note  that  all  of  the 
conclusions  arrived  at  are  of  a  tentative  nature.  In  addition*  the 
causes  of  certain  variations  in  residual  absorption  found  from  the 
observations  are  still  completely  unclear.  In  the  future  we  consider 
it  desirable  in  the  first  place  to  organize  the  observations  of  ab¬ 
sorption  in  the  taiga  region  with  parallel  detailed  recording  of  all 
fires. 


OOHCUKIIOm 


1.  Observations  of  solar-radiation  absorption  at  various  alti¬ 
tudes  above  the  earth  (to  3-9  ka)  made  in  recent  yean  at  a  number  of 


stations  in  the  USSR  indicate  that  in  the  majority  of  cases,  the  over¬ 
all  absorption  is  substantially  greater  than  water- vapor  absorption 
derived  by  calculation  from  serological- sounding  data. 

2.  The  coefficient  of  excess  absorption  a  was  approximately  1% 
per  km  in  the  majority  of  cases.  Substantial  deviations  from  this 
•value  were  observed  in  Beloruasia  in  1951-53*  when  in  the  lower  kilo- 

metric  layer,  the  average  value  of  a  was  5%  per  km,  and,  on  the  other 
hand,  in  Beloruasia  and  the  vicinity  of  Odessa  in  1955*  when  residual 
absorption  was  completely  absent. 

3.  The  existence  of  strong  absorption  in  Belorussia  in  1951-53 
Is  confirmed  by  the  fact  that  in  the  majority  of  cases  it  Is  ac¬ 
companied  by  a  reduction  In  surface  solar-radiation  intensity  and 
an  augmentation  of  the  Increase  of  atmospheric  temperature  in  the 
lower  kllomstric  layer  of  the  atmosphere  between  morning  and  evening 
serological  sounding. 

b.  There  is  still  a  great  deal  that' is  not  clear  with  respect 
to  the  problem  of  the  nature  and  origin  of  absorbing  particles. 
Undoubtedly,  they  are  of  a  different  nature  at  various  locations.  In 
Central  Asia,  they  may  be  the  desert  dust.  In  Belorussia  in  1951-53, 
the  very  high  absorption  in  the  lower  layer  was  probably  the  result 
of  the  smoke  of  forest  and  peat  fires.  For  many  points  In  the  Euro- 
pean  territory  of  the  Soviet  Union,  an  Important  role  was  undoubtedly 
played  by  smoke  particles  transported  by  winds  from  Western  Europe,. 

5.  Tiny  smoke  particles  which  are  a  source  of  substantial 
solar  radiation  absorption  may  not  exercise  a  substantial  influ¬ 
ence  cm  the  balance  of  the  long-wave  radiation  of  the  earth  and  at¬ 
mosphere. 

»  •  e 

In  conclusion  X  should  like  to  express  my  Lank*  to  the  director 


of  the  observatory,  Comrade  G.I.  Golyshev  and  to  assistant  director 
Comrade  N.Z.  Plnus  for  their  Interest  In  this  work  and  valuable  advice 
which  helped  in  the  completion  of  this  work  and  also  to  all  of  the  co- 
workers  of  the  local  observatory  who  took  part  in  the  research  on  ab¬ 
sorption. 
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46  Unfortunately,  the  pyranometers  used  in  previous  years 

were  not  investigated  in  detail  for  dependence  of  sensitivity 
on  the  incidence  angle  of  radiation,  which  does  not  permit 
us  to  introduce  into  the  data  obtained  with  them  corrections 
based  on  Reference  [12],  even  though  these  corrections  are 
of  an  approximate  nature.  These  corrections  would  probably 
be  small.  This  is  apparent,  for  example,  from  the  fact  that 
in  Tashkent  in  1951  and  1952,  the  results  were  on  the  aver¬ 
age  in  agreement  (see  Fig.  la,  b),  although  the  observations 
were  made  during  these  years  with  different  pyranometers, 
while  in  Odessa  in  1954  and  1955,  different  results  were 
obtained,  although  the  same  pyranometers  were  used. 
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THE  ASYMMETRY  OF  LIGHT  SCATTERING  IN  THE  ATMOSPHERE 


V.G.  Kastrov 


As  is  known,  the  molecular  scattering  of  light  and  scattering  of 
light  by  small  (as  compared  with  wavelength)  particles  is  symmetrical 
relative  to  a  plane  perpendicular  to  the  beam,  i.e.,  the  intensity  of 
the  light  scattered  forward  at  a  scattering  angle  p  is  equal  to  the 
intensity  of  the  light  scattered  backward  at  a  scattering  angle  tt-P. 
On  the  .ther  hand,  the  scattering  of  light  by  particles  whose  dimen¬ 
sions  are  comparable  with  wavelength  is  asymmetrical moreover, 
more  is  scattered  forward  than  backward  in  the  majority  of  cases. 
Scattering  asymmetry  is  characterized  by  the  asymmetry  coefficient. 


K  ,/!?>  /(=- ?>, 

where  I  is  the  intensity  of  the  scattered  light.  In  the  case  of 
spherical  particles,  according  to  the  electr<' magnetic  theory,  asynunetry 
develops  with  the  development  of  the  parameter  p  i^7ia/x  where  3  is 
the  particle  radius  and  X  is  the  wavelength.  Therefore,  it  would  be 
natural  to  expect  that  che  scattering  asymmetry  in  any  cloudy  medium 
will  decrease  with  an  Increase  In  wavelength.  However,  in  determining 
the  light-scattering  indicatrix  in  the  atmosphere,  a  directly  propor¬ 


tional  relation  was  found. 

Ye.V.  Pyaskovskaya-Fesenkova  in  her  monograph  on  light  scattering 
in  tiie  atmosphere  (1)  touches  on  this  problem,  at  first  Indicating 
that  the  relation  being  considered  cannot  oe  explained, at  any  rate  com¬ 
pletely,  by  the  effect  of  alUp^e  scattering.  After  this,  she  notes 


that  additional  observations  are  needed  In  order  to  understand  this 
phe#®»®»en.  This  naturally  makes  th^  reader  think  that  not  even  a 
qualitative  explanation  of  the  phenomenon  has  been  found.*  But  in 
fact,  or  so  It  seems  to  us,  such  an  explanation  Is  actually  contained 
In  the  pages  following  this  remark,  i.e.,  157-l6l,  where  the  author 
•writes  about  the  effective  radius  of  the  particles  as  a  function  of 
the  scattering  angle.  The  essence  of  thi?  explanation  consists  of  the 
complex  nature  of  light  scattering  in  the  atmosphere,  resulting  from 
numerous  particles  of  different  dimensions.  Short-wave  scattering  Is 
primarily  due  to  small  particles  (i.e.,  small  as  compared  with  X)  of 
which  there  is  a  greater  number  than  large  particles  and  which  scatter 
short  waves  much  more  intensively  than  long  waves.  Since  these  par¬ 
ticles  scatter  light  more  or  less  symmetrically,  the  scattering  ln- 
dlcatrlces  for  small  X  are  not  extended  forward  to  any  substantial 
degree.  On  the  other  hand,  the  long  waves  are  very  weakly  scattered 
by  small  particles.  They  are  scattered  primarily  by  large  particles, 
which  scatter  them  as  well  as  the  short  waves  or  even  better.  Indicatri- 
ces  extended  forward  markedly  are  characteristic  of  large  particles; 
they  are,  therefore,  characteristic  for  large  X. 

In  19**6  V.A.  Krat  (2]  derived  a  formula  for  the  doper,  lence  of 
light-scattering  asymmetry  on  wavelength  for  an  atmosphere  consisting 
of  air  molecules  and  large  aerosol  particles  of  the  same  slse.  Krat's 
conclusion  is  in  essence  only  a  mathematical  expression  of  the  ex¬ 
planation  presented  by  us.  His  conclusion,  however,  contains  the 
assumption  that  the  extension  of  the  scattering  lndlcatrlx  of  the 
aerosol  particles  themselves  are  not  a  function  of  X,  which  Is, 
generally  speaking,  not  true.  Therefore,  we  will  present  a  new  deri¬ 
vation  of  the  corresponding  formula,  w|  ich  does  not  contain  thl3 
assnmpt ion. 
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We  will  assume  that  the  aerosol  particles  are  spherical.  For  the 
Intensity  of  lights  scattered  .bjfc^pe  of  these  particles  In  3orne  direc¬ 
tion,  electromagnetic  theory  yields  the  expression 

(1) 

where  E  is  the  illumination  of  an  area  perpendicular  to  the  Incident 
rays,  and  i(p,  P)  is  a  complex  function  expressed  by  an  Infinite 
series.  The  values  of  thl3  function  for  nontransparent  spherical 
particles  are  given  In  Table  16;  for  drops  of  water,  these  values  are 
given  In  Table  19  and  20  in  Reference  [3).  For  sufficiently  small 

p 

variation  Intervals  of  p,  the  function  l(p,2)/2p  can  be  represented 
by  Interpolation  formulas  of  the  form 

(2) 

where  in  each  Interval  F(0)  and  f(3)  will  have  singular  values. 

Table  1  gives  values  of  f (&)  for  scattering  angles  close  to  0  and  180° 
calculated  from  the  data  of  the  above- Indicated  tables. 


TABLE  1 

Values  of  the  Index  f(s)  for  Spherical  Particles 


X  » 

^  Hcnpotpt'iMM#  uiipnmn 

^  XiMiua  (om 

*  \ 

0  1-1 

1-'. 

V  10 

i  0.1  1.5)  1.5-3 

4 —o 1 6  n 

6-M 

• 

,4.3 

1.7 

1.9 

5.0 

4.0 

3.7 

1.0 

-3.6 

to 

*4  } 

1.6 

1.0 

5.0 

3.9 

3.1 

0.6 

-3.4 

20 

«.* 

1.3 

-1.6 

5.0 

3.6 

1.6 

0.6 

-3.3 

30 

4.3 

n.9 

-1  » 

5.0 

3.3 

-1.4 

1.3 

-0.5 

ISO 

-<*.7 

0.1 

4.1 

-0.3 

1.2 

0.4 

4.2 

ICO 

3.* 

-0.7 

-o.J 

4.0 

0.2 

4.S 

170 

3.6 

-<».6 

-o.J 

4,0 

-0,1 

-4.2 

1.2 

2.9 

i«  3 

3.6 

-0.6 

-W.« 

4.0 

0.1 

— 

4.9 

Mi*n  |  ut 

6.7 

3.1 

O.Otf 

l.OP 

0075 

o.ors 

- 

0.W3 

H «r>  1  n 

4 

3.1 

O.ift 

O.Kfi 

0,1(75 

0.f»6 

0.013 

0.003 

1)  Ucntranspar  nt  spherical  particles;  2)  drop3 
of  water;  3)  from;  4)  to. 


Table  1  indicates  that  for  small  particles  the  backward  as  well 
a3  forward  scat,. ring  Intensity  Increases  rapidly  with  a  decrease  In 
A  (with  an  Increase  *n  p).  With  an  Increase  In  the  s 1 i e  of  the  parti- 


cles,  the  dependence  of  the  forward  scattering  intensity  on  X  becomes 
more  an4^mo»o-«teak,  while  for  large  particles  (^<  p  <  10)  the  nature 
of  this  dependence  is  changed.  The  dependence  of  the  backward  scat- 
tering  intensity  on  p  for  p  >  1  is  either  weak  or  very  irregular.  This 
is,  however,  not  of  great  significance  for  the  problem  under  con¬ 
sideration,  since  for  these  particles  the  backward  scattering  intensity 
is  tens  and  hundreds  of  times  less  than  for  forward-scattering. 
Rayleigh's  formula  for  molecular  scattering 

/=*£  n+co.*»  O) 

is  regarded  as  a  particular  case  of  Eqs.  (l)  and  (2),  where, 

/,(?)=*  con*t  =  4  m  P,  -hcos'W.  Here  the  subscript  0  denotes  that 

the  given  value  refers  to  molecular  scattering.  Evidently,  PQ(0)  - 

-  F0(*  "  P) • 

Let  us  first  consider  a  schematized  atmosphere  consisting  of 
air  molecules  and  aerosol  particles  of  the  3ame  size  such  that  over 
the  entire  spectrum  under  consideration  1  <  p  <  10  for  them.  In  this 
case,  evidently,  the  asymmetry  coefficient  can  be  expressed  by  the 
formula 

_ x  -.'MW  »  im/W 

where  N  means  the  volume  concentration  of  particles.  Hearing  In  mind 
the  fact  that  P(w  -  p)  «  F{0),  we  reduce  this  equation  to  an  even 
simpler  form 

<*> 

where  .  Since  p  is  inversely  proportional  to  X,  while 

f(p)  <  4  for  the  majority  of  particles,  evidently,  K  should  actually 
Increase  with  an  Increase  in  X.  Let  us  note  that  this  conclusion 

p 

retrains  valid  if  from  the  expression  1/p  In  the  form  of  a  series  of 


\  ,’n  .n  p  Cvk.  l  m  1  /1+P 
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equations  (2)  with  different  values  f(g)  in  different  ranges  of  the 
variation  of  parameter  p,  we  .make  the  transition  to  the  function 
f(£,  P)  which  varies  continuously  with  change  in  p.  Actually,  by  sub¬ 
stituting  f(£)  for  f(p,  p)  and  denoting  (P»P) 1  ln  terms  of  x, 

we  will  have  i- ^  =s  —  J4  — /(?,  p)J -t- iOLiL  jnf>  .  Since  for  large  particles 
df(0,  p )/3p  <  0  and  p  >  1,  l*dx/xdp  <  0  and,  consequently,  K  decreases 
on  an  increase  in  p  or  with  a  decrease  in  X.  It  is  also  interesting 
to  note  that  despite  an  observed  almost  linear  dependence  of  K  on 
X,  according  to  Eq.  (4)  the  scattering  asymmetry  should  vanish  (K 
should  approach  l)  only  when  X  -*  0. 

Ye.V.  Pyaskovskaya-Fesenkova  showed  that  the  Increase  in  asymmetry 
with  wavelength  is  characteristic  not  only  for  the  over-all  scattering 
indicatrix  of  atmospheric  light,  but  also  for  the  aerosol  component 
of  the  atmosphere.  This  can  evidently  be  explained  ln  a  way  similar 
to  the  way  in  which  the  dependence  of  K  on  X  for  the  over-all  indica¬ 
trix  was  explained.  To  derive  a  fonnula  similar  to  Eq.  (4),  we  will 
have  to  assume  that  there  are  In  the  atmosphere  two  types  of  aerosol 
particles  to  which  the  small  and  large  values  of  p  correspond.  Here 
remembering  that  over  a  wide  range  of  variation  of  p(p  >  l)  there  Is 
no  specific  dependence  of  f(3)  on  X  for  all  angles  close  to  180°,  it 
must  be  assumed  that  the  atmosphere  contains  a  substantial  quantity  of 
particles  for  which  p  <  1  or  particles  for  which  p  >  8.  If  we  Judge 
from  the  size  distribution  curve  for  aerosol  particles  proposed  by 
Junge  (41,  the  overwhelming  majority  of  particles  actually  in  the  vi¬ 
sible  region  of  the  spectrum  (X  :  0. 5  \i)  should  have  p  <  1.  There 
should  be  few  particles  with  0  >  8.  Because  of  the  great  asymmetry  of 
light  scattering  by  these  particles,  they  can  probably  play  a  role  ln 
shaping  the  brightness  of  the  sky  around  the  sun. 
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*  *  * 


—  In  conclusion  I  should  like  to  take  this  oppgrtunlt^  to  thank 
Professor  G.V.  Rozenberg  for  the  advice  he  has  given  me  on  this 
article. 
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Page 

No. 

62  In  the  book  by  K. Ya.  Kondrat'yev  entitled  Radiant  Rolftr 

Energy,  the  problem  under  consideration  is  consldei-ed  to 
be  unsolved  (see  page  100). 
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